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ABSTRACT. 
 
An early Sheinwoodian (Wenlock) chitinozoan assemblage is reported from a high-
resolution investigation undertaken at Buttington Brick Pit, mid-Wales (positioned on the 
mid-shelf of the Welsh Basin in the early Wenlock). The lower Sheinwoodian strata from 
the locality are assigned herein to three local chitinozoan biozones: the margaritana 
chitinozoan Biozone, the bouniensis chitinozoan Biozone and the bella chitinozoan 
Biozone, which can all be correlated with the pre-established graptolite biostratigraphy of 
the section. The chitinozoan assemblage allows for, at least partial, stratigraphical 
correlation within the Welsh Basin and with other areas in Avalonia, Baltica, and peri-
Gondwana. The ‘Interzone IV’ of Nestor (1994) is reported from the Welsh Basin for the 
first time. Chitinozoans are recovered throughout the section and show decreased diversity 
at levels within the riccartonensis graptolite Biozone. 
The lower part of the early Sheinwoodian positive carbon isotope excursion has been 
recognised previously from the section and a palaeoenvironmental investigation of the 
microphytoplankton assemblage herein has been undertaken from levels where carbon 
isotope data are available. The relative abundance of acritarchs (categorised by both genera 
and various informal morphotype groupings), prasinophytes, and sphaeromorphs within 
the microphytoplankton assemblage are considered to fluctuate with regard to proximity to 
shore, and are therefore considered diagnostic of sea-level change. The 
palaeoenvironmental signal from the microphytoplankton assemblage implies that a sea-
level rise is associated with an interval of relatively low carbon isotope values that is 
superimposed upon the Sheinwoodian positive carbon isotope excursion, and recognised 
from multiple regions (e.g. Laurentia, Avelonia, and the Baltica). 
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CHAPTER 1: INTRODUCTION 
 
1.1. THE IREVIKEN EVENT. 
 
The Ireviken Event was a minor extinction event that occurred in the late Llandovery–early 
Wenlock (Silurian; fig. 1.1). This marine faunal crisis was first recognised from a series of 
step-wise extinctions in conodonts on Gotland (e.g. Aldridge et al. 1993; Jeppsson 1984, 
1990, 1997a). The thick Silurian succession on Gotland is considered one of the most 
complete in the world at the Llandovery–Wenlock boundary. Around the Llandovery–
Wenlock boundary on Gotland, ten separate conodont extinction steps are assigned as 
datum points (additionally subdivided into five subzones). Many of these points can be 
recognised world-wide, and are used for stratigraphical correlation, particularly for strata 
deposited in carbonate platform palaeoenvironments (Jeppsson et al. 1994; Jeppsson 
1997a, 1998). The stratigraphical range of the Ireviken Event has been calculated as 
corresponding to approximately 200,000 years (Jeppsson 1997b, 1998). 
Various fossil groups, interpreted as occupying a variety of palaeoecological niches, were 
affected during the Ireviken Event but not necessarily synchronously or affected to the 
same degree  these groups include acritarchs, graptolites, and chitinozoans (see review in 
Munnecke et al. 2003, p. 100). Graptolites experienced an extinction event within the early 
Sheinwoodian riccartonensis graptolite Biozone that has been recognised from different 
regions (see Loydell 2007, p. 535–536; fig. 1.2 herein). An extinction, called the 
‘murchisoni Event’ by Štorch (1995), was recognised as occurring close to the base of the 
riccartonensis graptolite Biozone in the Barrandian region (Štorch 1995, fig. 1). Within 
this region, graptolite diversity declined rapidly with species diversity reduced from a high 
in the murchisoni graptolite Biozone of approximately twenty species, to only four species 
within the riccartonensis graptolite Biozone (Štorch 1995).  
Evidence from Gotland implies that acritarchs did not experience a major extinction event 
in the early Sheinwoodian, but a turnover did occur in the acritarch community (forty-four 
species became extinct, and fifty-four species originate around the Llandovery–Wenlock 
boundary), particularly within levels approximately correlated to the firmus graptolite 
Biozone (Gelsthorpe 2004; Loydell et al. 1998, 2003; see Calner 2008, fig. 6). 
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Chitinozoan assemblages have been shown to have a turnover/extinction event within the 
earlymiddle Sheinwoodian with decreased diversity at levels correlated to the 
riccartonensis graptolite Biozone in Eastern Avalonia (see discussion in Verniers 1999). In 
the lower Sheinwoodian strata of the East Baltic region, a decrease in chitinozoan diversity 
is observed within either the firmus graptolite Biozone or riccartonensis graptolite Biozone 
at levels close to conodont datum ‘6’ (Laufeld 1974; Hints et al. 2006; Nestor et el. 2002; 
review in Nestor 2012, p. 250). 
Stratigraphical biozonation schemes proposed for both graptolites and chitinozoans have 
been used to constrain the relative dating, and therefore timing and order, of biotic events 
affecting these groups during the Ireviken Event (see review in Calner 2008; chapter 4 
herein, figs 4.1 and 4.2; chapter 6 herein, fig. 6.5). However, good graptolite 
biostratigraphical control is not available directly from the ‘type area’ of the event on 
Gotland (Grahn 1995, Loydell and Jeppsson 2006).  
 
 
Fig. 1.1, The series and stages of the Silurian reproduced from the International Chronostratigraphical 
Chart (Adapted from Cohen et al. 2015, colours and dates from version ‘v 2015/01’).  
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1.2. EARLY WENLOCK GLOBAL EUSTATIC SEA-LEVEL FLUCTUATIONS. 
 
The nature, timing, and magnitude of eustatic sea-level change occurring within the 
Silurian has been addressed by several studies (e.g. Johnson 1996, 2006; Ross and Ross 
1996). Loydell (1998) presented a sea-level curve for the Silurian based on facies-change 
data from a number of palaeocontinents, with stratigraphical control provided primarily by 
graptolite data (i.e. data from deeper-water sections).  
A highstand was interpreted during the early Sheinwoodian, with high sea-level occurring 
within the murchisoni graptolite Biozone (Loydell 1998). Falling/low sea-level was 
interpreted as occurring through the subsequent firmus graptolite Biozone and lowermost 
riccartonensis graptolite Biozone (fig. 1.2). Two minor, transient sea-level falls were 
considered to have occurred within the lower part of the riccartonensis graptolite Biozone. 
From the riccartonensis/mid-Wenlock boundary, sea-levels rose into the early mid-
Wenlock (Loydell 1998).  
 
1.3. THE EARLY SHEINWOODIAN POSITIVE δ13CCARB EXCURSION AND 
ASSOCIATED ENVIRONMENTAL CHANGE. 
 
A pronounced positive carbon isotope excursion has been recognised within the early 
Sheinwoodian sediments from many regions (see Cramer et al. 2010 for review). This 
excursion was caused by an increase in the relative amount of the heavy carbon isotope 
(
13
C) into the palaeooceans (i.e. an increased burial of the relatively light 
12
C isotope, or 
the increased rate of weathering of limestone releasing 
13
C into the oceans  see Loydell 
2007 for review). The primary mechanisms controlling the palaeoenvironmental change(s) 
associated with the positive carbon isotope excursion, however, are still debated (e.g. 
Munnecke et al. 2003; Cramer and Saltzman 2005; Melchin and Holmden 2006a,b; 
Loydell 2007). 
The onset of the early Sheinwoodian excursion correlates to a level high in the murchisoni 
graptolite Biozone or near to the base of firmus graptolite Biozone, and to Datum 2 to 
Datum 4 of the Ireviken Event (constraint provided by graptolite and conodont 
biostratigraphical evidence, Cramer et al. 2010). Several palaeoenvironmental models have 
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been proposed to explain the mechanism, order and timing of the extinctions in various 
fossil groups with regards to the early Sheinwoodian positive carbon isotope excursion and 
associated environmental change (see discussion in Munnecke et al. 2003; Melchin and 
Holmden 2006a,b; Loydell 2007). At present, however, no single model satisfies all of the 
criteria needed to successfully achieve this, particularly with regard to evidence from fossil 
data and facies changes (Loydell 2007). 
The ‘riccartonensis Event’ that affected the graptolite fauna in the early Sheinwoodian 
occurred during the early Sheinwoodian positive isotope excursion and is coincident with 
falling/low sea-level. Additionally, chitinozoans appear to decrease in diversity within the 
firmus or riccartonensis graptolite biozones (see Verniers 1999 and Nestor 2012 for 
comment). Both of these events occurred after the start of the conodont extinction events 
which preceded onset of the positive carbon isotope excursion and occurred during a time 
of high sea-level (fig. 1.2), which implies that there are different controls on chitinozoan, 
graptolite, and conodont global diversity patterns (Loydell 2007). 
 
 
Fig. 1.2, The timing and order of extinction events in both conodonts and graptolites in the early 
Sheinwoodian with respect to sea-level. Figure is adapted from Loydell (2007, fig. 1). Sea-level curve is 
from Loydell (1998). Carbon isotope curve for the early Sheinwoodian is from Munnecke et al. (2003). 
Graptolite extinction () recognised by Štorch (1995, as ‘murchisoni Event’ therein). Conodont 
extinction datums ‘2’ and ‘4’ () from Jeppsson (1997b).  
 
Less data are available for the development of acritarch assemblages during the early 
Sheinwoodian positive carbon isotope excursion. Stricanne et al. (2004, 2006) showed that 
the development of acritarch assemblages in the late Ludlow on Gotland, Sweden, were 
closely associated with a large positive carbon isotope excursion. Gelsthorpe (2004) 
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provided extinction-origination data for the acritarch communities at the Llandovery–
Wenlock boundary transition on Gotland. However, an investigation involving acritarch 
data as an indicator of palaeoenvironmental change sensu Stricanne et al. (2004, 2006) has 
not previously been undertaken for acritarch assemblages coincident with the early 
Sheinwoodian positive carbon isotope excursion.  
 
1.4. STRATIGRAPHY. 
 
The series and stages of the Silurian reproduced from the most current International 
Chronostratigraphical Chart are presented (fig. 1.1). Cramer et al. (2012) calibrated the 
Llandovery–Wenlock boundary to 431.8 ± 0.7 Ma using U–Pb (zircon) analysis from 
bentonites on Gotland. 
Calibration of the graptolite and chitinozoan biozonation schemes to the lower Wenlock, 
early Sheinwoodian stage, is presented within chapter 6 herein, figs 6.3, 6.4, and 6.5 (see 
also chapter 4 herein, figs 4.1 and 4.2). 
 
1.5. AIMS AND OBJECTIVES. 
 
The project aims to investigate the order and timing of changes in both the chitinozoan and 
microphytoplankton communities, with regard to the early Sheinwoodian positive carbon 
isotope excursion and associated environmental change at Buttington Brick Pit, Wales. 
Integrated graptolite and chitinozoan data will allow correlation between deeper and 
shallower facies to elucidate the timing of biotic changes within the Welsh Basin. 
Objectives of this project: 
1. To establish a high-resolution chitinozoan biostratigraphical scheme for the section at 
Buttington Brick Pit (as presented by Loydell et al. 2014) and integrate these data with 
the graptolite biozones assigned to the section by Loydell et al. (2014). 
2. To correlate the integrated chitinozoan and graptolite biozonation scheme established 
for the lower Sheinwoodian strata at Buttington Brick Pit with other localities/regions, 
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where coeval strata with integrated chitinozoan and graptolite stratigraphical data are 
available.  
3. To determine if the chitinozoan biostratigraphy of the section is able to constrain the 
relative age of key trends within the carbon isotope curve where graptolite data are not 
able to provide high-resolution stratigraphical control. Specifically, the interval of 
lower carbon isotope values from (?+5.65 m–) +7.05 m to +8.25 m above the 
Butterley Mudstone Member (identified within the section by Loydell et al. 2014; see 
appendix 27 herein). 
4. To conduct a high-resolution palaeoenvironmental investigation of the acritarch and 
prasinophyte assemblages, sensu Stricanne et al. (2004, 2006), from levels coincident 
with significant trends in the carbon isotope curve (Loydell et al. 2014). 
5. To identify, if present, levels of turnover/extinction within the chitinozoan and 
microphytoplankton communities within the lower Sheinwoodian strata at Buttington 
Brick Pit. 
6. To determine which, if any, of the palaeoclimatic-palaeooceanographic models 
proposed in the literature to explain the order and timing of biotic changes (with 
respect to the early Sheinwoodian positive carbon isotope curve and associated 
environmental change) best fits the carbon isotope and palynomorph data herein. 
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CHAPTER 2: GEOLOGICAL AND GEOGRAPHICAL SETTING 
OF THE BUTTINGTON BRICK PIT STUDY AREA. 
 
2.1. LOCALITY AND PREVIOUS STUDIES. 
 
Buttington Quarry is located on the A458 Welshpool to Shrewsbury road, approximately 3 
miles to the west of Welshpool, eastern mid-Wales (fig. 2.1). Previously known as 
‘Buttington Brick Works/Pit’ (‘Buttington Brick Pit’ used herein for consistency with 
published work), the site continues periodically to be a working quarry having historically 
produced shale sourced from the Telychian Tarannon Shales Formation.  
The section sampled for this study is positioned on a prop/bench used for vehicle access 
near the top of the south-east quarry face (figs 2.1, 2.2) at 52° N 41'1.51", 3° W 4'59.14" / 
Ordnance Survey grid reference [OSGB36]: SJ 26879 10113. The detritus covering this 
bench was removed in order to log and collect from the underlying, vertically-orientated 
strata  sample collection and fieldwork was undertaken by Anthony Butcher, David 
Loydell, and Bob Loveridge, from the University of Portsmouth. A 12.40 m continuous 
succession of rock was bulk sampled at 5 cm intervals across this transect for high-
resolution geochemical analysis, and for investigation of graptolites and palynomorphs (the 
latter were investigated over 12.10 m within this section).  
A complete outline of previous studies undertaken at Buttington Brick Pit was provided by 
Loydell et al. (2014). Two palynomorph investigations have been undertaken previously at 
Buttington Brick Pit: 
1. Acritarch and chitinozoan material from the Buttington Mudstone Formation are 
reported and illustrated from the Telychian age strata at Buttington Brick Pit (Downie, 
and Liang and Downie, both in Holland and Bassett 2002, see figs 68 and 70 therein 
respectively).  
2. A low-resolution investigation of the chitinozoan assemblages from the late 
Llandovery and early Wenlock age strata at Buttington Brick Pit was undertaken by 
Mullins and Loydell (2002), with the majority of palynomorph data from strata of 
Llandovery age. 
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2.2. THE STRATIGRAPHY AT BUTTINGTON BRICK PIT. 
 
A locality map (fig. 2.1) and an aerial photo of the quarry (fig. 2.2) as it appeared at the 
time of the main phase of sample collection are provided.  
 
 
Fig. 2.1, Map of Buttington Brick Pit showing the approximate position of the quarry face as it 
appeared at the time of the main phase of sample collection. Adapted from Mullins and Loydell (2002, 
fig. 1), and includes lithostratigraphy after Loydell and Cave (1993). 
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Fig. 2.2, Aerial photograph of Buttington Bit Pit as it appeared during the main phase of collecting. 
Reproduced from Loydell et al. (2014, fig. 1). 
 
The quarry exposes a 275 m+ thick sequence of near-vertical lower Silurian strata, 
younging to the southeast with a strike of 055° (Cave and Dixon 1993, Loydell and Cave 
1993, Loydell et al. 2014). The lithostratigraphy of eastern mid-Wales at the Llandovery–
Wenlock boundary is presented fig. 2.3.  
The Butterley Mudstone Member at the base of the Trewern Brook Mudstone Formation is 
an olive-buff bioturbated silty mudstone. This member yields numerous shelly fossils and 
rare graptolites. The remainder of the formation is grey mudstones, usually bioturbated, 
and graptolitic shales. Numerous bentonites are interbedded with the mudstones and shales 
(Cave and Dixon 1993, Loydell and Cave 1993, Loydell et al. 2014, fig. 2.4 herein, 
appendix 2).  
During sedimentary logging of the section, three horizons of fine sandy material were 
observed to occur at levels within strata assigned to riccartonensis graptolite Biozone in 
the Trewern Brook Mudstone Formation (fig. 2.4). Additionally, a shelly fauna, including 
trilobites, was reported as abundant at some levels within the Trewern Brook Mudstone 
Formation (for unpublished field logs of Anthony Butcher, David Loydell and Bob 
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Loveridge, University of Portsmouth, see appendix 2 herein, see fig. 2.4 herein, Loydell et 
al. 2014). 
 
 
Fig. 2.3, Lithostratigraphy of eastern mid-Wales at the Llandovery–Wenlock boundary. Adapted from 
Loydell and Cave (1996, table 1). ‘Llan.’ = Llandovery. 
 
2.3. GEOLOGICAL SETTING OF BUTTINGTON BRICK PIT. 
 
2.3.1. PALAEOGEOGRAPHY. 
 
Global palaeogeography was dominated by a vast Gondwanan continent during the 
Silurian, which was positioned at high southern palaeolatitudes and covered much of the 
circumpolar area. In equatorial palaeolatitudes, Avalonia-Baltica collided progressively 
with Laurentia to assemble Laurussia throughout this period (Cocks and Torsvik 2002).  
During the early Sheinwoodian, Buttington Brick Pit was situated on the mid-shelf of the 
eastern margin of the Welsh Basin at sub-tropical palaeolatitudes (Loydell 2007, Torsvik et 
al. 1994). During this period Wales was an ensialic marginal basin within the Eastern 
Avalonia microcontinent that bordered the north-west edge of the Midland Platform (e.g. 
Loydell and Cave 1996).  
The remnant Iapetus Ocean that separated the Eastern Avalonian microcontinent from the 
supercontinent of Laurentia, which lay to the north, closed diachronously during the late 
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Llandovery and early Wenlock from south-west to north-east, resulting in the restriction of 
marine basins (Soper and Woodcock 1990, Cocks and Torsvik 2002). 
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Fig. 2.4, A generalised log through the uppermost part of the Butterley Mudstone Member and the succeeding lower part of the Trewern Brook Mudstone Formation, 
Buttington Brick Pit. ‘0 m’ marks the top of Butterley Mudstone Member. Data from field logs of Anthony Butcher, David Loydell and Bob Loveridge (University of 
Portsmouth). Levels where abundant graptolites or shelly fauna were reported are presented (see key on diagram). For data regarding levels at which lamination occurs 
and all fauna see sedimentary logs within appendix 2. Graptolite biozones from Loydell et al. (2014) and chitinozoan biozones as recognised herein.  
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Fig. 2.5, Configuration of palaeocontinents during the Silurian, redrawn from Calner (2008, fig. 7, modified from Cocks and Torsvik 2002 therein). The figure shows the 
locations of studies that have presented firm evidence for anomalies (either in stable isotopes, biodiversity, or facies) during the Ireviken Event. White stars indicate that 
the study from that area does not include stable isotope data  for references see Calner (2008, fig. 7). For additional carbon isotope data see Vecoli et al. (2009), Cramer et 
al. (2010), and Frýda et al. (2015). AC = Arctic Canada, AL = Alaska, AU = Austria, EB = East Baltic Area, GB = Great Britain, IO = Iowa, NE = Nevada, NO = Norway, 
NSW = New South Wales, NY = New York and Ontario, NWT = North West Territories, OH = Ohio, OK = Oklahoma, QU = Quebec, SW = Sweden, TE = Tennessee. 
From more recent palaeogeographical maps see appendix 3. 
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2.3.2. TECTONICS, LITHOSTRATIGRAPHY, AND FACIES CHANGES OF THE 
SILURIAN WELSH BASIN. 
 
The development of sedimentary sequences within the Silurian Welsh Basin was 
significantly influenced by eustatic sea-level fluctuations and by the tectonic evolution of 
the Welsh Basin and Midland Platform. During the Silurian, a structural belt formed of 
SW–NE-trending faulted synforms and antiforms (including the Welsh Borderland Fault 
System) that separated the Welsh Basin (a region of enhanced subsidence) from the more 
stable Midland Platform (marginal shelf) in the south-east (Cherns et al. 2006). The Welsh 
Basin was bordered to the north and northeast by the Menai Straits Fault System which 
separated the basin from the putative Irish Sea Horst to the north (Cherns et al. 2006). 
During the late Llandovery–early Wenlock, ongoing oblique soft collision between 
Avalonia-Baltica and Laurentia occurred (part of the Caledonian orogeny). At this time, 
extensional (transtensional) faulting occurred within the Welsh Basin, and along its 
margins. These structures influenced sediment source areas and controlled the subsidence 
and the distribution and thicknesses of sedimentary facies within the basin. 
During the Wenlock, widespread deposition of muddy and variably calcareous ‘Wenlock 
Shale’ occurred across much of the shelf in east and south Wales and on the Midland 
Platform. Near the base of the Wenlock, calcareous developments include the Dolyhir and 
Nash Scar Limestone Formations, and the Woolhope Limestone Formation (South Wales 
and the Welsh Borderland, review in Bassett 1974, see Cherns et al. 2006, fig. 4.17). In 
Shropshire, calcareous nodules occur at equivalent levels in the Buildwas Formation 
(Bassett et al. 1975). The carbonate element of strata diminishes towards the basin edge i.e. 
towards the Welshpool and Corwen areas (Bassett et al. 1975). 
Hemipelagites and turbiditic mudstones were deposited in the deeper water 
palaeoenvironments within the Welsh Basin. In mid-Wales, sequences of the basinal 
Wenlock facies passed laterally into the shelf facies of the Welsh Borderland. For example, 
the turbiditic mudstones and laminated hemipelagites of the Nant-ysgollon and Nantglyn 
mudstone formations pass laterally to the shelly, bioturbated silty and calcareous 
mudstones (with local thin impure limestones) of the Bromleysmill Shales and Aston 
Mudstone Formation south of the Shelve area in Shropshire. The latter formations pass 
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laterally in the Buildwas and Coalbrookdale formations of the Midland Platform (see 
review in Cherns et al. 2006).  
 
2.3.3. PALAEOCLIMATE. 
 
Palaeomagnetic evidence from Tortworth suggests that the Welsh Basin was positioned at 
subtropical latitudes during the Wenlock, at a palaeolatitude of 16° south (Torsvik et al. 
1994). 
It has been suggested that falling/low eustatic sea-level in the early Sheinwoodian was the 
result of glaciation at this time in high palaeolatitudes (see Loydell 2007). Global 
palaeogeographical reconstructions for the Late Ordovician and Silurian (Cocks and 
Torsvik 2002, fig. 2) suggest that the south pole migrated through western North Africa to 
South America over this interval (based on limited reliable palaeomagnetic data, see Cocks 
and Torsvik 2002, p. 633, explanation to figure 2 therein). Glacial deposits of an 
appropriate age have not been reported from Africa, though Silurian glacial deposits have 
been reported from South America (Grahn and Caputo 1992, see discussion in Loydell 
2007, p. 543–544).  
Significantly, the depositional models proposed for the Sacta Limestone Member 
(Kirusillas Shale Formation, Bolivia) and whether this cool-water limestone ‘sandwiched’ 
between diamictites represents evidence for an early Sheinwoodian glaciation is debated 
(see Cramer and Saltzman 2005, Díaz-Martínez 2007, Loydell 2007, Lehnert et al. 2010). 
Conodont biostratigraphical control, consisting of the presence of unillustrated Ozarkodina 
sagitta rhenana (Walliser) (Díaz-Martínez 2007), implies that the formation of this cool-
water limestone at high latitudes is coincident with the early Sheinwoodian positive carbon 
isotope excursion.  
 
2.4. THE EARLY SHEINWOODIAN POSITIVE δ13CCARB EXCURSION CURVE 
AT BUTTINGTON BRICK PIT. 
 
  
16 
 
Loydell et al. (2014) presented a high-resolution δ13Ccarb isotope curve through the lower 
Wenlock Series of Buttington Brick Pit, with accompanying graptolite biostratigraphical 
control (fig. 2.6). In comparison with other sections with carbon isotope data, particularly 
the Banwy River section, it is considered that only the lower part of the early 
Sheinwoodian positive carbon isotope excursion is currently recognised from Buttington 
Brick Pit (Loydell et al. 2014). Note that the lower part of the carbon isotope curve 
presented by Loydell et al. (2014) shows already rising carbon isotope values. 
Consequently, there is no clear inflection point in the carbon isotope curve to indicate the 
onset of the positive carbon isotope excursion at Buttington Brick Pit. Unfortunately, 
geochemical data are not currently available from stratigraphical levels directly underlying 
the current section due to the nature of the section through a prop/bench at the locality. 
 
 
Fig. 2.6, Carbon isotope curve for Buttington Brick Pit with the base of the firmus graptolite Biozone 
and of the riccartonensis graptolite Biozone shown. Image adapted from Loydell et al. (2014, fig. 2; 
carbon isotope data in appendix 4 herein). Graptolite biozones from Loydell et al. (2014). 
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CHAPTER 3: METHODS AND MATERIALS. 
 
3.1. METHODOLOGY. 
 
5 cm samples from a continuous sampling tract through a 12.40 m transect of lower 
Sheinwoodian strata at Buttington Brick Pit were provided by Anthony Butcher, David 
Loydell and Bob Loveridge (all University of Portsmouth). The section was logged by this 
field team, with bentonite horizons used as key marker bands. Beds in the lower ca. 53 cm 
of the section were logged and reported previously by Cave and Dixon (1993, p. 71). 
Preliminary chitinozoan and graptolite dating for the lower part of the section was 
provided by Mullins and Loydell (2002) and unpublished, non-quantitative preliminary 
work on the upper part of the section was undertaken by Anthony Butcher in order to 
determine the strata was suitable for palynomorph investigation (i.e. that chitinozoans and 
acritarchs would be recovered from samples). The graptolite biozones of the lower 
Sheinwoodian at the locality were provided by Loydell et al. (2014) who conducted a bed-
by-bed investigation for stratigraphically significant graptolites.  
59 samples were processed, of which 27 were investigated to construct the biostratigraphy 
of the section to a 5 cm stratigraphical resolution. 45 samples were also investigated 
chiefly for acritarch and prasinophyte assemblage data. Samples processed specifically for 
chitinozoans are of highest density in strata near/at both established graptolite and 
presumed chitinozoan biozone boundaries, and data density therefore is of higher 
resolution in the lower part of the section where these boundaries occur. Samples 
processed for acritarch and prasinophyte data were selected from levels with corresponding 
carbon isotope data (provided by Loydell et al. 2014) and the highest sampling density 
occurs where there are pronounced shifts in the δ13Ccarb curve (see appendix 5).  
The samples were processed using a technique based primarily on Sutherland (1994), with 
minor adaptations by Anthony Butcher (pers. comm. 2011) described herein. Samples were 
cleaned using organic decontaminant (DeCon90) followed by treatment in an ultrasonic 
bath for at least 5 minutes. Samples were dried at room temperature and broken into 
approximately 10 mm sized chips. Approximately 50 g or 100 g of each sample was 
weighed and transferred to a polypropylene container where the following stages took 
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place in a fume cupboard. Sufficient water to cover the samples was added to the 
containers. Small amounts (ca. 20 ml) of 37 per cent hydrochloric acid (HCl) were added 
to the container until effervescence ceased, in order to remove carbonate material. 
Containers were then filled with water and left to settle overnight. Once settled, the water 
was slowly decanted off into a calcium hydroxide neutralising solution and refilled. This 
process was repeated 4 times in total. 50–70 ml of 58–62 per cent hydrofluoric acid (HF) 
was added to each sample to removed silicate material, and left for at least 48 hours to 
react. Samples containing HF were agitated gently several times a day (at least twice) to 
prevent a reaction ‘crust’ layer forming on top of the sample residue, which may have 
prevented reaction of the acid with the residue beneath. After the desired reaction time had 
passed, the sample containers were filled with water, left to settle, and decanted a total of 4 
times as described above. To ensure that no fluoride ions remained in solution, a small 
amount of HCl was subsequently added to each sample. Neutralisation was undertaken as 
for the previous stages, and the decanting and settling processes continued until the liquid 
in the samples container tested pH neutral with universal indicator solution. The addition 
of sodium carbonate was occasionally used to speed up neutralisation where samples were 
still acidic after several decants. Minor amounts of sodium carbonate were added to the 
containers to neutralise samples and ensure they did not become alkaline. Samples treated 
with sodium carbonate were not left to settle overnight and were immediately removed 
from the fume cupboard for the next stage of processing. This prevented sodium carbonate 
from inhibiting the settling out of finer material held in suspension. 
After the samples and the container had both been neutralised, they were removed from the 
fume cupboard and sequentially sieved through a 53 μm and 10 μm nylon sieve mesh. The 
organic material from both fractions was separated using the heavy liquid sodium 
polytungstate, at a specific gravity of 2.0–2.1 with at least 3 separations carried out to 
ensure good recovery of specimens (Gelsthorpe 2002). Separations continued until 
specimens could not be viewed within the meniscus of the heavy liquid sodium 
polytungstate. For each sample, the 10 μm fraction was analysed for smaller 
palynomorphs, primarily acritarchs and sphaeromorphs. The 53 μm fraction was analysed 
specifically for chitinozoans. The weight of dried, sieved inorganic material was recorded 
for each sample in order to calculate the weight of the original lithology that the organic 
residue represents, enabling quantitative data to be calculated from the residues later on.  
The 53 μm fraction of each sample was picked for chitinozoans using a stereomicroscope. 
The first 300 chitinozoans (minimum) encountered within a known amount of residue from 
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each sample were picked and mounted onto at least 6 aluminium pin stubs (50 specimens 
per stub), for scanning electron microscope (SEM) analysis. Due to the prevalence of 
chitinozoans with lenticular/oval vesicles that lacked, or possessed a broken, neck, 
spherical or oval forms were picked routinely and some of these specimens were 
subsequently shown to be sphaeromorphs during SEM investigation.  
Due to the paucity of chitinozoans from sample +8.00–+8.05 m and above, samples from 
this horizon and above (5 samples in total) were not routinely picked for sphaeromorphs 
with picking focused on specimens more confidently identified as chitinozoans. This 
approach was taken as considerable time was spent picking and undertaking SEM analysis 
to yield very little data (where spherical forms were picked). Specimens were extracted 
from residue using a finely-drawn glass pipette, and mounted onto aluminium stubs for 
SEM analysis. Specimens were attached to the SEM stubs using a technique described by 
Whittaker and Hodgkinson (1991), with stubs prepared with exposed negative film which 
was attached emulsion-side uppermost to the surface. The negative film provided firm 
adhesion of specimens to the stub, after drying. Additionally, the negative film provided a 
neutral, flat background for SEM analysis and imaging. Rarely, specimens were observed 
to have ‘sunk’ slightly into the negative film and it is uncertain why this occurred. These 
specimens remained identifiable during SEM analysis, however.  
After mounting the palynomorphs onto the stubs, they were left to dry overnight under 
‘dust covers’. Dry stubs were sputter coated for 8–10 minutes using a gold-palladium 
target, and studied using a Jeol JSM-6100 scanning electron microscope with ‘Semafore’ 
image-capture software. Specimens were measured using the free ‘ImageJ’ software 
package. During SEM analysis some specimens that closely resembled chitinozoans with 
regard to outline shape, were shown to be fragments of algae, arthropod or scolecodont — 
this accounts the inconsistency in the number of specimens picked for some samples (see 
appendix 7).  
The study of acritarchs focused primarily on the 10 μm fraction although, in order to 
identify any large or long processes forms that may not have passed through the 53 μm 
sieve mesh, the 53 μm fraction was also examined. In order to analyse the acritarch and 
prasinophyte assemblages by transmitted light microscopy, glass microscope slides with 
coverslips were prepared. A known amount of organic residues from the 10 μm and 53 μm 
fractions were extracted from each sample and mounted onto a 22 × 22 mm coverslip on a 
heat plate. One drop of a weak polyvinyl alcohol (PVA) solution was used to disperse the 
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organic material evenly over the coverslip. Norland 61 optical adhesive was used to 
permanently mount the dry cover slip to standard glass microscope slides, and the glue was 
set using ultra violet light. Palynomorph counts were undertaken using a Zeiss Jenaval 
light microscope and using a magnification of 200x for routine counting. Magnifications of 
500x and 1000x (the latter with oil immersion) were used for detailed examination and 
digital image capture of acritarch and prasinophyte specimens. Transmitted light 
microscopy was used to obtain the optimum detail for images which were captured using 
the same light microscope, linked to a Nikon DS–Fi1 digital camera and DS-L2 control 
unit. Images were focus-stacked using the free ‘CombineZP’ software where appropriate 
(Hadley 2010, Bercovici et al. 2009). England Finder references are provided for all 
figured specimens in the plate explanations herein. An explanation of the acritarch and 
prasinophyte categorisation approach adopted for palynomorph logging herein (adapted 
from Stricanne et al. 2004, 2006; Loydell et al. 2013) is provided and discussed in a 
subsequent chapter. Palynomorph relative abundance data were normalised between the 10 
μm and 53 μm fractions (due to differing amounts having been prepared/picked, see 
appendix 26 for normalisation method). 
 
3.2. MATERIAL.  
 
Organic residues consistently contained a moderately diverse and relatively abundant 
chitinozoan assemblage throughout the section until +8.00–+8.05 m and above, where both 
the diversity and frequency of chitinozoans decreases (see fig. 3.1; appendix 6, 8).  
Amorphous organic matter (AOM) was moderately to highly abundant in all samples, but 
did not adhere to or obscure palynomorphs within slides or on picked specimens. 
Structured organic matter (STOM) was abundant throughout the section. Fragments of 
graptolites and/or possible fragments of robust chitinozoan vesicles (e.g. Conochitina) 
were frequently observed within the 53 μm fraction slides. Within light microscopy slides, 
many acritarchs appeared degraded and this did not appear to be specific to a particular 
genus, species or morphotype. 
Chitinozoans were predominantly preserved in a fairly 2-D flattened nature. Pyrite damage 
affected many specimens to varying degrees, particularly within the murchisoni graptolite 
Biozone, and from sample +8.00–+8.05 m. Specimens assigned to Conochitina were 
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frequently broken, and as many species assigned to this genus, at least partially, rely on 
length to width ratios for species identification, this resulted in many specimens being 
recorded as undifferentiated Conochitina sp. Frequently herein, broken specimens are 
questionably assigned to undifferentiated Conochitina as is difficult to consistently and 
accurately differentiate them from Belonechitina. The majority of specimens assigned to 
Ancyrochitina have the distal part, or entirety, of the processes damaged and/or removed 
and such specimens are assigned to undifferentiated Ancyrochitina sp. Some specimens 
with worn/removed ornament were difficult to correctly identify to generic level, e.g. 
distinguishing between some species of Bursachitina and Eisenackitina, and these 
specimens are assigned questionably to whichever genus they most accurately resemble 
(with regards to the genus morphology guidelines outlined by Paris et al. 1999, fig. 11). 
Mullins and Aldridge (2004, text-fig. 2) provided separate stratigraphical occurrence data 
for four forms of Cono. proboscifera; forms with wide mucrons, forms lacking a flexure, 
curved forms, and forms with a constricted base. The poor preservation of many specimens 
assigned to Cononchitina sp. herein precluded dividing specimens attributed to Cono. 
proboscifera in a similar fashion. 
The lithologies and methods involved in the δ13Ccarb isotope analyses were discussed by 
Loydell et al. (2014). Systematic descriptions of selected chitinozoan species are presented 
in ‘chapter 5’ herein. Methods pertaining to the treatment and categorisation of acritarchs, 
spores and prasinophytes are described and discussed in chapter 7 (see section 7.5 for 
additional comments regarding the preservation of acritarch species). 
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Fig. 3.1, The Margalef Diversity Index (Margalef 1958): ‘d = (S – 1) / ln N’, where ‘S’ is the number of 
species, and ‘N’ is the total number of individuals in the sample applied the quantitative chitinozoan 
genera and species data from the 53 μm fraction. See appendix 6 for data and additional notes. 
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CHAPTER 4: LITERATURE REVIEW FOR INTEGRATED 
CHITINOZOAN AND GRAPTOLITE BIOSTRATIGRAPHICAL 
SCHEMES FOR THE LOWER WENLOCK, SILURIAN. 
 
4.1. INTRODUCTION. 
 
The biozonation schemes of both chitinozoans and graptolites have been to subject to 
number of integrated studies. The integration of the biozonation schemes (and the 
biozonation schemes of other taxa such as brachiopods and conodonts) is important in 
order to correlate between deeper water ‘graptolitic’ facies and shallow water (‘shelly’) 
facies in the Lower Palaeozoic (see discussion in Mullins and Loydell 2002, p. 89). 
Key studies discussed in this literature review are based on published data, and presented 
by region and in chronological order. The focus of this literature review is on chitinozoan 
studies from lower Sheinwoodian successions with graptolite biostratigraphical control 
(focus from murchisoni to riccartonensis graptolite biozones herein). Some of the studies 
commented upon below are from the areas that do not possess well constrained graptolite 
stratigraphical control and inclusion is merited by their significance to the development of 
the chitinozoan biozonation scheme(s) assigned to lower Sheinwoodian strata (e.g. Swire 
1990, 1993; Mullins and Aldridge 2004), their stratigraphical importance with regards to 
significant stratigraphical boundaries (i.e. the LlandoveryWenlock boundary GSSP at the 
Hughley Brook section; Mullins and Aldridge 2004), and/or their significance with regards 
to the Ireviken Event (i.e. the type area, Gotland; Laufeld 1974, Grahn 1995, Nestor et al. 
2002, Loydell and Jeppsson 2006).  
This literature review is not an exhaustive review of all published biostratigraphical data 
pertaining to lower Sheinwoodian chitinozoan assemblages. Nor does this literature review 
provide an in-depth discussion regarding the taxonomy of chitinozoans from the lower 
Sheinwoodian. Consequently, additional studies are discussed with reference to the 
stratigraphical range, morphology, etc., of selected chitinozoan taxa in the chapters 
addressing the systematic palaeontology of chitinozoans (chapter 5) and the 
biostratigraphical interpretation of Buttington Brick Pit (chapter 6). 
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4.1.1. THE LOWER SHEINWOODIAN GRAPTOLITE BIOZONATION SCHEMES. 
 
Graptolite biostratigraphy is useful in correlating deeper water ‘graptolitic’ facies between 
palaeocontinents in the Lower Palaeozoic (e.g. Loydell 2012). A brief description of the 
early development of the biozones discussed below is given in Štorch (1994b). Loydell 
(2012) produced a set of correlation charts of the graptolite biozonation schemes used on 
different (palaeo-) continents. Within the Lower Silurian, Loydell (2012) recognised the 
Llandovery–Wenlock boundary at the base of the murchisoni graptolite Biozone. This 
level was ‘taken for convenience’ by Loydell (2012, p. 128) as there is a paucity of 
graptolite data at the Global Boundary Stratotype Section and Point (GSSP) for the lower 
Wenlock (Hughley Brook section). This has resulted in the constraining of this boundary to 
somewhere within the upper centrifugus graptolite Biozone to lower murchisoni graptolite 
Biozone interval using chitinozoan evidence (Mullins and Aldridge 2004). Preceding the 
study of Mullins and Aldridge (2004) the basal Wenlock was correlated, less accurately, 
with the base of the centrifugus graptolite Biozone at the GSSP (Martinsson et al. 1981, p. 
168).  
 
 
Fig. 4.1, Correlation of the lower Sheinwoodian Cyrtograptus murchisoni Biozone (= murchisoni 
graptolite Biozone herein), Monograptus firmus Biozone (= firmus graptolite Biozone herein), and 
Monograptus riccartonensis Biozone (= riccartonensis graptolite Biozone herein) between 
palaeoregions. The base of the Wenlock Series was taken for convenience, by Loydell (2012), as the 
base of the murchisoni graptolite Biozone based on chitinozoan evidence that implies that the base of 
the Wenlock Series lies somewhere within the upper centrifugus graptolite Biozone to lower murchisoni 
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graptolite Biozone (Mullins and Aldridge 2004). Adapted from Loydell (2012, fig. 5; key references 
used in construction of the chart therein). ‘lwr’ = lower. 
 
With regards graptolite assemblages, Wenlock age strata can be recognised from the 
appearance of robust cyrtograptids. The murchisoni graptolite Biozone is recognised from 
Avalonia, Baltica, and peri-Gondwana (Europe) (Loydell 2012, fig. 5) within the lower 
Sheinwoodian (succeeding lower Sheinwoodian centrifugus graptolite Biozone). The 
murchisoni graptolite Biozone is recognised from the first appearance of Cyrtograptus 
murchisoni Carruthers (fig. 4.1). However, in some areas, the base of this graptolite 
biozone may be recognised without the identification of the eponymous taxon from the 
first appearance of a graptolite taxon that is considered characteristic species of the 
biozone. For example, in the Ohesaare core, Estonia (Loydell et al. 1998) the murchisoni 
graptolite Biozone is recognised from the first appearance of Mediograptus vittatus 
(Štorch) which is found exclusively from the murchisoni graptolite Biozone in Bohemia 
(Štorch 1994b). 
Within Eastern Avalonia and Baltica the murchisoni graptolite Biozone is succeeded by the 
firmus graptolite Biozone (e.g. Banwy River section, United Kingdom, Loydell and Cave 
1996; Ohesaare core, Estonia, Loydell et al. 1998; Aizpute-41 core, Latvia, Loydell et al. 
2003; Ruhnu drill core, Põldvere 2003; Kolka-54 core, Latvia, Loydell et al. 2010; also see 
Zalasiewicz et al. 2009) (see fig. 4.1). This graptolite biozone is recognised from the first 
appearance of Monograptus firmus Bouček. Štorch (1994a, 1994b) considered the lower 
part of the stratigraphical range of M. firmus to occur within the upper part of murchisoni 
graptolite Biozone within the Prague Basin. For the Barrandian area, Czech Republic, M. 
firmus is recognised as ‘confined to a thin bed within the range of Cyrt. murchisoni [and] 
the firmus Zone of Bouček (1931, 1953) is not included in the […] zonal chart’ presented 
by Štorch (1994a, p. 158, references therein). 
The riccartonensis graptolite Biozone (see fig. 4.1) is assigned from the first appearance of 
Monograptus riccartonensis Lapworth which is recognised as a biostratigraphically 
significant taxon from Avalonia, Baltica, and peri-Gondwana (Europe) (Loydell 2012, fig. 
5). M. firmus and M. riccartonensis are distinct but morphologically similar and can be 
difficult to distinguish from poorly preserved and/or fragmentary graptolite material 
(Štorch 1994a, pers. comm. David Loydell 2011).  
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4.1.2. BRIEF INTRODUCTION TO LOWER SHEINWOODIAN CHITINOZOAN 
BIOSTRATIGRAPHY. 
  
Integrated chitinozoan and graptolite biozonation schemes for the lower Sheinwoodian of 
the Welsh Basin, U.K., the East Baltic (Estonia and Latvia), and the global scheme of 
Verniers et al. (1995) are presented (fig. 4.2). Correlation of the integrated chitinozoan and 
graptolite biozonation schemes for the lower Sheinwoodian of Buttington Brick Pit and the 
other areas discussed within this chapter are presented in a subsequent chapter (see fig. 6.5 
herein). Exceptions to this are the Hughley Brook section and Lower Hill Farm borehole, 
Shropshire, which are omitted due to the paucity of graptolite stratigraphical control at 
these localities (see discussion below). 
The remainder of this chapter chiefly focuses on the development of chitinozoan 
biozonation schemes established for the lower Sheinwoodian chitinozoan assemblages of 
Eastern Avalonia and Baltica. These palaeoregions have well constrained chitinozoan 
biozonation schemes for the lower Sheinwoodian. Additionally, the chitinozoan 
assemblages reported from these palaeoregions are sufficiently similar to those reported 
from the Welsh Basin to allow for interregional correlation (see fig. 6.5 herein). Discussion 
herein focuses on stratigraphically significant chitinozoans and the integration of 
chitinozoan and graptolite biozonation schemes for the lower Sheinwoodian. 
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Fig. 4.2, Integrated chitinozoan and graptolite biozonation schemes for the lower Sheinwoodian of the 
Welsh Basin, U.K., the East Baltic region (Estonia and Latvia), and the global scheme of Verniers et al. 
(1995). The base of ‘global’ margaritana chitinozoan Biozone of Verniers (1999) correlates 
approximately to the base of the Wenlock (Verniers 1999). However, more recent chitinozoan evidence 
implies that the base of the Wenlock Series lies somewhere within the upper centrifugus graptolite 
Biozone to lower murchisoni graptolite Biozone (Mullins and Aldridge 2004) and is taken for 
convenience at the base of the base of the murchisoni graptolite Biozone herein. The highest 
stratigraphical extent of the bella chitinozoan Biozone is not known from the Banwy River section 
(Mullins and Loydell 2001). The integrated chitinozoan and graptolite stratigraphical data from the 
Builth Wells district (Verniers 1999, fig. 2) is presented in light of problems with the graptolite data 
from the section (see discussion below). The question mark in the grey circle denotes the uncertain 
correlative relationship between the burdinalensis chitinozoan Biozone recognised by Verniers (1999) 
in the Builth Wells district and base of the mamilla chitinozoan Biozone in the Baltic (Nestor 2012) as 
Cingulochitina burdinalensis Verniers (the taxon from which this chitinozoan biozone is recognised) is 
not reported from the latter region. The local mamilla chitinozoan Biozone proposed by Verniers 
(1999) for the Builth Wells district precedes burdinalensis chitinozoan Biozone at that locality. Note 
that in the chitinozoan biozonation scheme for the Baltic sensu Nestor (2012) it is the Cono. mamilla 
chitinozoan Biozone that succeeds Interzone IV, whereas in the earlier chitinozoan biozonation scheme 
of Nestor (1994) it is the Cono. cf. mamilla chitinozoan Biozone that succeeds Interzone IV. The 
asterisk (*) denotes the approximate stratigraphical position of rare specimens of Cingulochitina 
bouniensis Verniers reported from the Baltic region (Aizpute-41 core, Loydell et al. 2003; Ruhnu core, 
Nestor 2005).  
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4.2. ‘CHITINOZOANS’ IN ‘A GLOBAL STANDARD FOR THE SILURIAN 
SYSTEM’; PARIS (1989).  
 
Paris (1989) presented a ‘brief biostratigraphic synthesis’ of chitinozoans from the Silurian 
that refers mostly to Baltica and North Gondwana. In the Silurian, Northern Gondwana 
was positioned in high palaeolatitudes and separated from the East Baltic positioned in 
intermediate latitudes by an ocean (Ziegler et al. 1977, fig. 2 cited therein). The lack of 
adequate independent stratigraphical control resulted in the majority of North Gondwanan 
chitinozoans being excluded from Paris’ (1989) review. Paris (1989) acknowledged that 
the quantity and quality of chitinozoan assemblage data shows regional disparity with 
chitinozoan studies from Europe and North Africa the most prevalent. Less data were 
available from America and China, with a paucity of chitinozoan assemblage data from 
Australia and Antarctica (Paris 1989).  
Paris (1989) discussed selected taxa from each stage of the Silurian with fifty taxa in total 
considered stratigraphically significant in the context of taxonomic considerations (i.e. 
ideally taxa are identifiable, constrained forms with wide geographical distribution) and 
biostratigraphical considerations (including a preference for taxa with independent 
stratigraphical control and known ranges from well understood sections). Total-range 
chitinozoan biozones were presented (Paris 1989, fig. 147) and defined with regard to 
British chronostratigraphical subdivisions (sensu Cocks et al. 1984). Where good graptolite 
biostratigraphical control was considered available the chitinozoan stratigraphical range is 
referred to the British graptolite biozonation scheme (Rickards 1976), except for the 
Přídolí.  
Paris’ (1989) scheme finds no chitinozoan extinction to be coincident with the 
Llandovery–Wenlock boundary. None of the selected taxa of Paris (1989) appear at the 
base of the Wenlock. The first selected chitinozoan appearing within the Wenlock is 
Calpichitina acollaris (Eisenack), which has the base of its range correlated to a level 
within the upper Sheinwoodian.  
The apparently diachronous appearance of Margachitina margaritana between 
palaeogeographical regions was acknowledged by Paris (1989) and this taxon is presented 
as having a range from upper Telychian (though with a more confident range from the base 
of the Sheinwoodian) until the lower Homerian (Paris 1989, fig. 147).  
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The selected chitinozoan taxa considered significant in the lower Sheinwoodian have long 
stratigraphical ranges that span the base of the Wenlock and stratigraphical subdivision at 
these levels cannot be recognised from the first appearances of the selected taxa. Paris 
(1989) proposed that two main chitinozoan assemblages subdivided the Sheinwoodian and 
stated that the lower Sheinwoodian corresponds to an assemblage biozone composed of the 
biostratigraphical ranges of Conochitina emmastensis (spelled incorrectly ‘Conochitina 
emmastiensis’ therein), Eisenackitina dolioliformis, Conochitina proboscifera, and 
Angochitina longicollis. However, these taxa co-occur in the upper Telychian as well as 
the lower Sheinwoodian so cannot be considered diagnostic of the latter alone.  
Several chitinozoan species disappear within the riccartonensis graptolite Biozone and, in 
the subsequent upper Sheinwoodian chitinozoan assemblage of Paris (1981, fig. 174), the 
appearance of short ranging species including Calpichitina acollaris, Gotlandochitina 
martinssoni and Clathrochitina clathrata are considered significant. Cingulochitina 
cingulata appears in the upper Sheinwoodian and ranges into the upper Homerian (ludensis 
graptolite Biozone) (Paris 1981, fig. 174). 
 
4.3. ‘A GLOBAL BIOZONATION SCHEME FOR THE SILURIAN’; VERNIERS 
ET AL. (1995). 
 
Verniers et al. (1995) formally defined a global biozonation scheme for the Silurian 
composed of 17 biozones. The bases of the biozones are defined upon first occurrence of a 
chitinozoan index species that (1) are well defined, validly published species (2) possess a 
relatively short biostratigraphical range and (3) are recorded from at least two of the major 
palaeocontinents recognised from the Silurian where ‘usable’ chitinozoan assemblages 
have been studied (Avalonia-Baltica, Laurentia, Gondwana, and Southern China. 
Chitinozoan index species are required to exhibit a large distribution in order to allow 
correlation over geographical widespread areas. Biozones are defined from continuous 
sequences understood to be free of breaks in sedimentation. The basis of the global scheme 
was the Baltic biozonation scheme of Nestor (1990) which was favoured over the northern 
Gondwanan biozonation scheme of Paris (1989) as Baltica is considered to occupy 
intermediate palaeolatitudes in the Silurian whereas northern Gondwana occupied high 
latitudes (Verniers et al. 1995).  
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The chitinozoan biozones of Verniers et al. (1995) are interval zones with bases defined by 
the first occurrence of an index taxon. Interzones are not formally defined but identified in 
situations where the last record of the index species occurs before the appearance of the 
index species for the succeeding biozone. Scanning electron microscope (SEM) 
illustrations of the key taxa are provided, some of which are taken directly from the 
nominal papers. Verniers et al. (1995, fig. 2) provided a diagrammatic representation of the 
relationship between the global Silurian chitinozoan biozones, the chronostratigraphy, and 
the graptolite biozones as proposed by the Subcommission on Silurian Stratigraphy (1995). 
Additionally, a range chart of the chitinozoan index taxa and selected taxa considered 
characteristic or accompanying species are provided (Verniers et al. 1995, fig. 3). 
Chronostratigraphical calibration is partly provided within the context of the chitinozoan 
assemblage in relation to the stratotype sections and points of the Silurian series. Global 
stratotype sections and points (GSSPs) are considered the most preferential localities to 
define biozones and Verniers et al. (1995) considered that exact stratigraphical ranges of 
key taxa can be directly established from these sequences. When these data are not 
available, calibration is achieved chiefly with graptolite biozones that provide an 
independent biostratigraphical control (Verniers et al. 1995).  
The ‘global’ margaritana chitinozoan Biozone is the stratigraphically lowest of four 
chitinozoan biozones assigned to the Wenlock by Verniers et al. (1995). Verniers et al. 
(1995, p. 657–659) defines the base of the Margachitina margaritana chitinozoan Biozone 
from the ‘first occurrence of Margachitina margaritana (Eisenack, 1937) defined 5 cm 
above the base of the Buildwas Formation, Hughley Brook section (= ‘Leasows section’ of 
some authors), Shropshire, Welsh Borderland, England, that is, at the global stratotype for 
the Llandovery–Wenlock boundary, at the very base of the Sheinwoodian (Mabillard and 
Aldridge 1985)’. ‘Large, ‘typical’ specimens of Conochitina proboscifera Eisenack are 
considered a characteristic feature of this biozone. Salopochitina bella Swire is considered 
an accompanying species of this biozone, along with stratigraphically long ranging 
chitinozoan species found in the preceding longicollis chitinozoan Biozone. 
Gotlandochitina corniculata Laufeld is considered an accompanying species in the lower 
part of the margaritana chitinozoan Biozone. The margaritana chitinozoan Biozone 
culminates in the upper Sheinwoodian with the appearance of Cingulochitina cingulata 
(Eisenack) defining the base of the succeeding Cingulochitina cingulata chitinozoan 
Biozone. The ‘global’ margaritana chitinozoan Biozone is recognised from Northern 
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Gondwana, Western Gondwana, Avalonia-Baltica, and Laurentia (Verniers et al. 1995, fig. 
4).  
It is important to note that, below the uppermost Telychian strata immediately below the 
Llandovery–Wenlock boundary at Hughley Brook, there are several metres of Llandovery 
strata with either samples barren of chitinozoans or data too imprecise to be of 
biostratigraphical consideration (Mabillard and Aldridge 1985, Mullins and Aldridge 
2004). Consequently, the true ranges of many chitinozoan taxa at these levels might not be 
observable at the GSSP of the lower Wenlock. Verniers et al. (1995, p. 369) commented 
that discrepancies in the timing of the first occurrence of M. margaritana, which appears 
just earlier, below the Llandovery–Wenlock boundary in Gotland (Laufeld 1974) and 
Estonia and Latvia (Nestor 1990, 1994), might be due to minor faulting in the section at 
Hughley Brook (= ‘Leasows section’ therein). Subsequent work by Mullins (2000) 
reported that the base of the margaritana Biozone correlates within the insectus graptolite 
Biozone in the United Kingdom. This agrees in part with the data from the Prague Basin 
where the base of the margaritana chitinozoan Biozone was reported from either the 
insectus or centrifugus graptolite biozones (Dufka et al. 1995, discussed below). 
Verniers et al. (1995, p. 651) considered the integrated chitinozoan and graptolite 
biostratigraphical studies of Swire (1990, 1993) to allow for ‘the ranges of short lived 
Chitinozoa taxa [to be] rigidly established’ within the Wenlock strata of the Wenlock type 
area. Unfortunately, poor or absent graptolite biostratigraphical control in the Wenlock 
type area makes it problematic to ensure biostratigraphical continuity between the 
boreholes and localities studied by Swire (1993) or provide an independent control on the 
chitinozoan assemblages presented by Swire (1990, 1993, discussed below). The base of 
the margaritana chitinozoan Biozone is correlated to a level at the base of the 
‘centrifugus–murchisoni’ graptolite Biozone(s) (Verniers et al. 1995, fig. 2). However, no 
direct graptolite biostratigraphical data are available from the GSSP at the base of the 
Wenlock. Nonetheless, the base of the margaritana chitinozoan Biozone is correlated to 
the base of the Sheinwoodian therein (Verniers et al. 1995, fig. 2).  
Verniers et al. (1995) acknowledged several difficulties encountered in constructing a 
global biozonation scheme, including that the limited understanding of chitinozoan 
palaeoenvironmental distribution resulted in the preferential selection of cosmopolitan 
species as index taxa (as are they are regarded as being the least influenced by facies 
variation). Consequently, Verniers et al. (1995) considered that more study is needed into 
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the importance of palaeoecological controls, such as water depth and temperature, on 
chitinozoan distribution. Determining the nature and importance of the palaeoecological 
controls acting on chitinozoans is, presumably, significant in understanding the 
diachronous first occurrences observed for various chitinozoan taxa.  
The diagrammatic report of selected index, characteristic, and accompanying chitinozoan 
species from the main palaeocontinental plates shows that the global biozonation scheme is 
not documented from all areas worldwide (Verniers et al. 1995, fig. 4). This is partially 
due to the paucity of data from some areas (Siberia, Kazakhstan, North China, Australia, 
and large parts of North and South America and Southern China). Some areas have more 
detailed local biozonation schemes (such as for the Baltic region, Nestor 1994) that cannot 
be applied directly to a larger scale such as regionally or globally. Verniers et al. (1995) 
proposed that future studies would allow for the addition of new biozones in undefined 
parts of the biozonation scheme (i.e. in the Gorstian and Ludfordian) and would refine 
other parts of the global biozonation scheme without a need for major alterations.  
 
4.4. THE WELSH BASIN AND WELSH BORDERLAND, UNITED KINGDOM 
(EASTERN AVALONIAN MICROCONTINENT). 
 
Several investigations of chitinozoans and/or graptolites have been undertaken from 
sections/boreholes on the Midland Platform and varying positions on the shelf/outer slope 
of the Welsh Basin. Localities where key studies containing chitinozoan and graptolite 
stratigraphical data from lower Sheinwoodian strata were investigated are shown in fig. 
4.3. 
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Fig. 4.3, Palaeogeographical elements of Wales and the Welsh Basin in the Silurian. Figure adapted 
from Palmer et al. (2000, fig. 1.8). The following shapes mark the approximate positions of key 
sections/boreholes discussed herein;  = Buttington Brick Pit, = Banwy River section,  = Builth 
Wells district,  = Lower Hill Farm borehole (Wenlock Type Area),  = Hughley Brook section 
(GSSP).  
 
4.4.1. PALYNOLOGY OF THE WENLOCK TYPE AREA, SHROPSHIRE; 
BASSETT ET AL. (1975), SWIRE (1993). 
 
Chitinozoans from the Wenlock in Wales and the Welsh Borderlands have been described 
by Eisenack (1977, 1978, Much Wenlock Limestone Formation, Dudley, West Midlands). 
Dorning (1981a, table 1) investigated chitinozoans from the Wenlock type area with the 
stratigraphical ranges of 35 taxa provided therein without graptolite stratigraphical control.  
Swire (1993) investigated the chitinozoans and acritarchs from Sheinwoodian and 
Homerian strata of the Wenlock type area as part of an integrated biostratigraphical study. 
The study included data from two boreholes and a section in Wales and the Welsh 
Borderland: (1) British Geological survey (BGS) Eastnor Park borehole (SO 7437 3809, 
Malvern Hills, Hereford and Worcester, England), (2) BGS Lower Hill Farm borehole (SO 
58179788), and (3) the Whitwell Coppice section (SJ 6193 0204), the latter two being 
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situated within the Wenlock type area (Shropshire; Swire 1993). Graptolite stratigraphical 
control was provided by Bassett et al. (1975). 
From the Sheinwoodian, 40 samples from the Lower Hill Farm borehole were investigated 
for palynomorph data: 27 samples from the Coalbrookdale Formation (Apedale Member) 
and 13 samples from the Buildwas Formation were studied, with an average sampling 
interval of 5 metres. 
Swire (1993) presented the stratigraphical ranges for 4 chitinozoan taxa from the Lower 
Hill Farm borehole: Margachitina margaritana (Eisenack), Salopochitina bella Swire, 
Calpichitina densa (Eisenack), and Cingulochitina cingulata (Eisenack). These species 
were treated as biostratigraphically significant from this sequence, both locally and 
regionally, by Swire (1993), with the total stratigraphical range of Calp. densa and Cing. 
cingulata, respectively, presented as discrete chitinozoan total range biozones. The first 
appearance of Salop. bella (at 236.07 m in the Lower Hill Farm borehole) was not 
recognised as the base of a discrete chitinozoan biozone interval. Swire (1993) considered 
the total stratigraphical range of Salop. bella to occur within the Calp. densa chitinozoan 
Biozone (as defined therein). 
Bassett et al. (1975) identified within the Sheinwoodian strata of the Lower Hill Farm 
borehole, centrifugus, riccartonensis, ?rigidus, ?linnarssoni and ellesae graptolite 
biozones. Bassett et al. (1975) assigned strata to the centrifugus graptolite Biozone over an 
interval where fragmentary graptolite material and taxa not indicative of a specific biozone 
interval, including long ranging taxa, were identified: carbonaceous fragments, 
dendroids, Monoclimacis sp., ‘Monograptid indet.’, ‘Cyrtograptid indet.’, and, from a 
single sample towards the top of the biozone, Pristiograptus cf. watneyae. From these data 
it is unclear how Bassett et al. (1975) determined the base of centrifugus graptolite 
Biozone in the Lower Hill Farm borehole. According to the data of Bassett et al. (1975), 
the only change within the macroplankton assemblage occurring at the level to which the 
base of the centrifugus graptolite Biozone is placed is the appearance of a questionable and 
indeterminate cyrtograptid (see fig. 3 therein). This graptolite assemblage is indicative of 
Sheinwoodian strata but cannot constrain strata to a specific graptolite biozone.  
Pristiograptus watneyae is presented as occurring in the Lower Hill Farm borehole at an 
unknown depth in a diagram presenting composite stratigraphical sections through the type 
Wenlock Series (Bassett et al. 1975, fig. 2). This taxon is presented by Rickards (1965) as 
restricted to within centrifugus graptolite Biozone with graptolite data from Howgill Fells, 
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northern England. Note that this species is rare within the section (two unequivocal 
specimens) at Howgill Fells and the total stratigraphical range of this taxon is probably 
unresolved (pers. comm. David Loydell 2012). Furthermore, the stratigraphical range chart 
for graptolites from the Lower Hill Farm Borehole reports P. cf. watneyae, not 
P. watneyae, in the core (Bassett et al. 1975, fig. 3). Consequently, neither P. cf. watneyae 
nor P. watneyae are considered to be indicative of centrifugus graptolite Biozone herein. 
Bassett et al. (1975) assigned the base of the riccartonensis graptolite Biozone in the 
Lower Hill Farm borehole at the base of the Coalbrookdale Formation. However, all 
specimens of Monograptus riccartonensis recovered were reported as questionable (see 
Bassett et al. 1975, fig. 3). Consequently the presence of the riccartonensis graptolite 
Biozone cannot be confirmed within the borehole and the extent of the centrifugus 
graptolite Biozone, if present, is uncertain. Neither the murchisoni or firmus graptolite 
biozones are recognised from Lower Hill Farm borehole. 
The poorly preserved, fragmentary nature of the macroplankton assemblage, and paucity of 
definite specimens of biostratigraphically significant graptolite taxa from the Lower Hill 
Farm borehole, precludes correlation between the well-established graptolite biozones of 
the Wenlock type area and the chitinozoan biozonation scheme proposed by Swire (1993) 
for the early Sheinwoodian. 
 
4.4.2. THE BUILTH WELLS DISTRICT, CENTRAL-SOUTH WALES; VERNIERS 
(1999), ZALASIEWICZ AND WILLIAMS (1999), WILLIAMS AND ZALASIEWICZ 
(2004). 
 
Verniers (1999) investigated the chitinozoan assemblages from 55 samples from the Builth 
Wells district and identified 3 of the index species of globally recognised chitinozoan 
biozones assigned to the Wenlock (Verniers et al. 1995): Margachitina margaritana 
(Eisenack), Cingulochitina cingulata (Eisenack), and Conochitina pachycephala Eisenack. 
Additionally, Verniers (1999) assigned local index taxa and recognised characteristic 
assemblages to discern several local biozones for the Builth Wells district. All local 
chitinozoan biozones are recognised from the first appearance of an index chitinozoan 
taxon. The graptolite biostratigraphy of the Builth Wells district was provided by 
Zalasiewicz and Williams (1999) and to maintain the graptolite biostratigraphical control 
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of chitinozoan assemblages, Verniers (1999) sampled from the same levels as the 
graptolite material collected by Zalasiewicz and Williams (1999) (Verniers 1999, figs 
23). Key chitinozoan taxa from the early Sheinwoodian, except Conochitina mamilla 
Laufeld and Cingulochitina bouniensis Verniers, are illustrated from the section by 
scanning electron micrographs, thus aiding identification and comparison.  
The Wenlock strata under investigation within the Builth Wells district comprised a 
sequence up to 500 m thick, that was deposited on the outer shelf-ramp within the marine 
early Palaeozoic Welsh Basin’s eastern margin and adjacent to the Builth ‘high’ 
(Zalasiewicz and Williams 1999). The Wenlock strata of the district consist of the 
uppermost part of the Dolfawr Mudstone Formation and most of the succeeding Builth 
Mudstone Formation with sections only intermittently graptolitic. Consequently, the 
graptolite data are low resolution and a graptolite biozone may be separated from the 
succeeding biozone by tens of metres of barren strata (Davies et al. 1997, Zalasiewicz and 
Williams 1999, Williams and Zalasiewicz, 2004). The intermitted nature of hemipelagic 
graptolitic shales in the Builth Wells district is partially attributed to a depositional regime 
where storm generated and turbiditic processes overlap as a result of the localities’ position 
on the distal shelf-ramp (Davies et al. 1997, Zalasiewicz and Williams 1999, Williams and 
Zalasiewicz 2004).  
Three of the four most continuous sections that were studied by Verniers (1999) contain 
lower Sheinwoodian strata: the Ithon East, Ithon West, and Trecoed sections (details on the 
locations of the sections therein). Zalasiewicz and Williams (1999) reported that the 
Wenlock strata within the Builth Wells district are poorly exposed with continuous 
sequences rare and that, when present, these sequences occur within an area that is 
structurally complicated. However, both chitinozoan and graptolite biostratigraphical data 
show that these sections overlap stratigraphically to provide stratigraphical continuity 
(Verniers 1999, Zalasiewicz and Williams 1999).  
From the lower Wenlock, Verniers (1999) distinguished the ‘global’ margaritana 
chitinozoan Biozone which is subdivided by therein into a local biozonation scheme 
consisting of a succession of chitinozoan biozones: the margaritana chitinozoan local 
Biozone, the mamilla chitinozoan Biozone (identified in the Trecoed section from the first 
occurrence of Cingulochitina pitetensis Verniers), and the burdinalensis chitinozoan 
Biozone. Verniers (1999) considered this succession to constitute a ‘lower suprazone’. 
Toward the top of this suprazone Verniers (1999) identified an extinction event where 
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chitinozoan assemblages become poorly diverse with most species disappearing and 
chitinozoan abundance decreasing presented as correlating at a high level within the 
riccartonensis graptolite Biozone (Trecoed section; Verniers 1999, fig. 2). The tuba 
chitinozoan Biozone is treated as a lower part of the succeeding ‘upper suprazone’. 
Verniers (1999) identified a local margaritana chitinozoan Biozone occurring at levels that 
are at least as old as the centrifugus graptolite Biozone (Ithon West and Ithon East 
sections) with this chitinozoan taxon reported as present through the murchisoni graptolite 
Biozone. However, it is important to note that the ‘murchisoni graptolite Biozone’ 
presented for the Ithon East section (samples ‘K26B’ and ‘K26C’) by Verniers (1999, text-
fig. 2) is reported by Zalasiewicz and Williams (1999, fig. 6) as assigned to ‘murchisoni??’ 
(species name not italicised therein) with only Monoclimacis cf. vomerina and 
questionable ‘Monoclimacis vomerina basilica’ reported from samples ‘K26B’ and 
‘K26C’ respectively.  
The mamilla chitinozoan Biozone succeeds the local margaritana chitinozoan Biozone at a 
level considered coincident with the base of the riccartonensis graptolite Biozone in 
sample ‘K27’, lthon East section (Verniers 1999, Zalasiewicz and Williams 1999). 
However, Monograptus riccartonensis sensu stricto appears one sample higher in the 
section (sample ‘K28’) and it was in fact M. aff. riccartonensis that was recovered from 
sample ‘K27’. Consequently, the first appearance of Conochitina mamilla Laufeld may 
correlate to a level below the base of the riccartonensis graptolite Biozone. This results in 
difficulties confirming a coincident relationship between the base of the mamilla 
chitinozoan Biozone and the base of riccartonensis graptolite Biozone in the Builth Wells 
district.  
The first occurrence of Cingulochitina burdinalensis Verniers denotes the base of the 
succeeding burdinalensis chitinozoan Biozone (with the first appearance of Eisenackitina 
ithonensis) and correlates to a level within the upper riccartonensis graptolite Biozone in 
the lthon East and Trecoed sections. 
Towards the top of the riccartonensis graptolite Biozone, the tuba chitinozoan Biozone 
commences (= first appearance of Conochitina tuba) which culminates at the top of the 
riccartonensis graptolite Biozone, with the first appearance of Pristiograptus dubius and 
Cingulochitina cingulata in sample ‘N36’, which are both index taxa for the succeeding 
graptolite and chitinozoan biozones respectively. 
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Cingulochitina bouniensis Verniers is not assigned as an index taxon for a discrete 
chitinozoan biozone interval (sensu Mullins and Loydell 2001, discussed below), but the 
appearance of this taxon was considered by Verniers (1999) to constitute part of the base 
of the mamilla chitinozoan Biozone, albeit appearing in the top of the succeeding 
margaritana chitinozoan Biozone (of questionable murchisoni graptolite Biozone age). 
Salopochitina bella Swire first occurs at the same level as the appearance of Cono. 
mamilla (sample ‘K27’) and is not considered to represent the base of a discrete local 
chitinozoan biozone (sensu Mullins and Loydell 2001, discussed below) by Verniers 
(1999). 
In light of the above, the data presented in text-fig. 2 of Verniers (1999) must be 
approached with some caution. The graptolite stratigraphy needs amendment (see 
discussion above) and there are some minor errors in the placement of bases of chitinozoan 
biozones: in Ithon West section six samples (samples ‘K1’‘K7’, with samples ‘K2’‘K6’ 
reported as barren) are erroneously assigned to the margaritana chitinozoan Biozone 
before the first appearance of Margachitina margaritana (Eisenack). 
Verniers (1999) compared biozone calibration from the Builth Wells district with areas 
showing at least partial calibration between chitinozoan and graptolite biozonation 
schemes in areas from Eastern Avalonia, Baltica, and northern peri-Gondwana. Verniers et 
al.’s (1995, fig. 4) global chitinozoan biozonation scheme for the Silurian highlighted five 
areas where at least partial calibration between chitinozoans and graptolite biozonation 
schemes for the Wenlock have been established from Eastern Avalonia and southwestern 
Baltica (Builth Wells district, U.K.; Brabant Massif, Belgium; Estonia and northern Latvia; 
Gotland, Sweden, and mainland Sweden). Three of these areas are considered to have a 
similar succession of chitinozoan biozones to those outlined in the ‘suprazones’ that 
Verniers (1999) assigned to the assemblages of the Builth Wells district. 
The Builth Wells district has a paucity of graptolite assemblages resulting in reduced 
resolution of the graptolite biostratigraphy in the parts of the section, and this is 
problematic for integrating the chitinozoan biozonation scheme with good graptolite 
biostratigraphical control. Zalasiewicz and Williams (1999) concluded that the graptolite 
biozonation schemes based on the graptolite faunas of Builth Wells should not be used as 
the de facto standard for British Wenlock graptolite biozones. Nonetheless, Williams and 
Zalasiewicz (2004, p. 225) recognised that in the Builth Wells district ‘the sequence of 
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approximate first occurrences of key species … is similar to those recognised in North 
Wales and central Europe, at least up to the level of the rigidus [graptolite] Biozone.’  
Zalasiewicz and Williams (1999) documented ‘apparent’ incoming of Monograptus firmus 
from the uppermost part of the murchisoni Biozone at the eastern end of Dulas Brook but 
did not recognise a discrete firmus graptolite Biozone from the Builth Wells district. The 
justification for this was threefold: firstly, the eastern end of Dulas Brook is the only 
locality in the Builth Wells district where M. firmus can be shown to precede the 
appearance of M. riccartonensis. Secondly, there is a lack of exposure of underlying 
stratigraphy. Thirdly, Zalasiewicz and Williams (1999) considered the range of variation in 
the material of M. firmus as incompletely constrained. Unfortunately, chitinozoan 
assemblage data are not currently available from the section at Dulas Brook (Verniers 
1999, pers. comm. Jacques Verniers January 2015). 
Williams and Zalasiewicz (2004) reinvestigated the graptolite fauna from the Wenlock age 
strata of the Builth Wells district with focus on improving knowledge about the 
morphology of cyrtograptid species, many of which are biostratigraphically important, but 
did not propose changes in the positioning of the bases of the graptolite biozones that are 
recognised for the lower Wenlock in their previous study of the area (Zalasiewicz and 
Williams 1999). Williams and Zalasiewicz (2004, p. 223) commented that the ‘low 
diversity and abundance of the cyrtograptid fauna of the Builth district, compared to those 
of Arctic Canada and the Czech Republic, suggests relatively inhospitable conditions for 
graptolites’.  
For reasons discussed above, Williams and Zalasiewicz’s (2004) conclusion that the base 
of ‘several’ chitinozoan and graptolite biozones coincide in the lower Wenlock cannot be 
extended to the base of the riccartonensis graptolite Biozone in the Builth Wells district 
using the data of Verniers (1999) and Zalasiewicz and Williams (1999). Despite issues 
with integrating the chitinozoan and graptolite biostratigraphical schemes in the Builth 
Wells district, Verniers’ (1999) study of chitinozoans of the area both recognised and/or 
described several biostratigraphically significant chitinozoan taxa common to the global 
biozonation scheme (Verniers et al. 1995) and other Eastern Avalonian localities from 
Wales and the Welsh Borderlands reported in later studies (e.g. Mullins and Loydell 2001). 
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4.4.3. THE BANWY RIVER SECTION, EASTERN MID-WALES; LOYDELL AND 
CAVE (1996), MULLINS AND LOYDELL (2001). 
 
Mullins and Loydell (2001) described and illustrated chitinozoans from a succession of 
assemblages from 48 samples through the upper Llandovery to lower Wenlock strata of the 
Banwy River section. They recognised four previously described chitinozoan biozones, 
three of which are defined in the ‘global’ chitinozoan biozonation of Verniers et al. (1995), 
and the Margachitina banwyensis chitinozoan Biozone (see Mullins 2000). Mullins and 
Loydell (2001) proposed three new chitinozoan biozones based on the first appearance of 
Cingulochitina bouniensis Verniers, Conochitina acuminata Eisenack and Salopochitina 
bella Swire, respectively, to enhance the resolution of chitinozoan biostratigraphy on a 
regional, and potentially global, scale. The chitinozoan biozones identified in the Banwy 
River section are recognised from the first occurrence of an index species.  
Lower Sheinwoodian graptolites were sampled from thick graptolitic hemipelagite units 
that are separated by graptolite-barren bioturbated mudstone interbeds from the Nant-
ysgollon Shales Formation, including the upper Banwy Burrowed Member. The thick 
mudrock-dominated sequence at the Banwy River section was deposited in deeper water, 
closer to the shelf edge, than the strata at Buttington Brick Pit despite the geographical 
proximity of the two localities (Loydell and Cave 1996, Mullins and Loydell 2001). 
Graptolite biostratigraphical control was provided by Loydell and Cave (1996) who 
described the Banwy River section to be the only British locality to provide graptolites 
from all of the upper Telychian (upper Llandovery), to the lower Sheinwoodian (lower 
Wenlock). Four successive graptolite biozones were identified from the lower 
Sheinwoodian: the centrifugus graptolite Biozone, the murchisoni graptolite Biozone, the 
firmus graptolite Biozone and the riccartonensis graptolite Biozone. The firmus graptolite 
Biozone was recognised for the first time in Britain in the Banwy River section (Loydell 
and Cave 1996). Sample collection focused on parts of the section older than firmus 
graptolite Biozone with particular collecting bias at levels at and around Llandovery–
Wenlock boundary, resulting in biostratigraphical resolution being highest at these levels. 
Consequently, there is a large sample gap between the firmus graptolite Biozone and a 
sample attributed to the riccartonensis graptolite Biozone (Loydell and Cave 1996, fig. 2).  
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Three chitinozoan biozones were identified from the lower Sheinwoodian of the section 
(Mullins and Loydell 2001). The margaritana chitinozoan Biozone extends from insectus 
graptolite Biozone (Llandovery), to the lowermost murchisoni graptolite Biozone (lower 
Wenlock). The base of the succeeding ‘local’ bouniensis chitinozoan Biozone correlates at 
a level within the upper murchisoni graptolite Biozone, and the base of the ‘local’ bella 
chitinozoan Biozone correlates at a level within upper firmus graptolite Biozone. 
Chitinozoans from the lower Wenlock are generally considered moderately well preserved 
and abundant although chitinozoans from the murchisoni graptolite biozone are noted to be 
poorly preserved and less abundant (Mullins and Loydell 2001). 
Mullins and Loydell (2001) did not identify, for the chitinozoan assemblages of the Banwy 
River section, the same succession for chitinozoan biozones as assigned for the lower 
Wenlock of the Builth Wells district by Verniers (1999). Although the rationale for this is 
not stated explicitly, two principle reasons justify this approach: 
(1) Not all of the index taxa for the chitinozoan biozones assigned to the Builth Wells 
district are observed in the Banwy River section.  
In the lower Sheinwoodian strata of the Builth Wells region (Ithon East section) the 
appearance of Conochitina mamilla Laufeld, with associated Cingulochitina pitetensis 
Verniers, was regarded as marking the base of the mamilla chitinozoan Biozone that 
succeeds the margaritana chitinozoan Biozone (Verniers 1999). Neither Cono. mamilla 
nor Cing. pitetensis were recorded in the Banwy River section, and as such an alternative 
bouniensis chitinozoan Biozone was proposed by Mullins and Loydell (2001) to succeed 
the margaritana chitinozoan Biozone. Cingulochitina bouniensis Verniers appears one 
sample below the first appearance of Cono. mamilla Laufeld at a level correlated 
questionably to the murchisoni graptolite Biozone in the Ithon East section in the Builth 
Wells district (Verniers 1999, Zalasiewicz and Williams 1999). Unfortunately, 
uncertainties in correlating the base of the mamilla chitinozoan Biozone to a level at or 
below the base of the riccartonensis graptolite Biozone cannot be resolved with an 
investigation at the Banwy River section (see previous discussion). Consequently, the 
biozones assigned from the first occurrence of Cono. mamilla and Cing. bouniensis may be 
broadly analogous but cannot be shown to be synchronous between the two districts from 
independent biostratigraphical control provided by graptolite data. 
(2) In some cases, the first appearance of a stratigraphically significant chitinozoan taxon 
is correlated to different graptolite biozones in the Banwy River section and in the Builth 
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Wells region. This suggests that either the chitinozoan taxon has a diachronous first 
occurrence or that the biostratigraphical range of the taxon is not fully elucidated. 
 Cingulochitina burdinalensis Verniers is a local biozone index fossil for the lower 
Sheinwoodian of the Builth Wells district which appears at a level within the middle of the 
riccartonensis graptolite Biozone (Verniers 1999). This taxon appears earlier in the Banwy 
River section first occurring at a level correlating to the upper murchisoni graptolite 
Biozone (sample ‘C + 16’). Mullins and Loydell (2001) proposed that this disparity may be 
due to a lack of data from underlying strata in the Builth Wells region, resulting in an 
incomplete stratigraphical record for Cing. burdinalensis at this locale. Only two samples 
are assigned to a thin and questionable murchisoni graptolite biozone underlying the 
riccartonensis graptolite Biozone age strata (samples ‘K26C’ and ‘K26B’, see Zalasiewicz 
and Williams 1999, fig. 6) and Mullins and Loydell (2001) considered that more research 
is needed to constrain the first appearance of this taxon with regards to the graptolite 
stratigraphy.  
Despite some differences in the calibration of their first appearances to the graptolite 
biozonation scheme, chitinozoan biostratigraphical index taxa occur in the same succession 
of appearances in both the Banwy River section and in the Builth Wells region. At both 
localities the first occurrence of Cing. bouniensis precedes Cing. burdinalensis with both 
taxa appearing before Salopochitina bella Swire. 
Mullins and Loydell (2001) correlated the integrated graptolite and chitinozoan 
biostratigraphy at the Banwy River section with localities from which were recorded both 
chitinozoan data and good graptolite biostratigraphical control: the Prague Basin (Dufka 
1992, Dufka et al. 1995), Ohesaare, Estonia (Nestor 1994, Loydell et al. 1998), and the 
Builth Wells district, Wales (Verniers 1999, Zalasiewicz and Williams 1999). The 
correlation with Gotland (Grahn 1995) and Sweden (Grahn 1998) is included with the 
caveat that correlation between the graptolite and chitinozoan biozones therein rely on 
potentially imprecise data and thus caution is advised. This is due to a need for the 
reassessment of the graptolite data as a result of subsequent revisions in graptolite 
taxonomy and biostratigraphy, or where data are from unpublished accounts.  
Specimens identified as Salop. bella by Mullins and Loydell (2001) are more 
morphologically diverse than the original description of Swire (1990) allowed. Originally 
described as possessing an unornamented vesicle surface (see table 6.1 herein), Mullins 
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and Loydell (2001, pl. 6, figs 8–9) illustrated forms that possess a granulate vesicle 
ornament (for more detailed discussion see chapter 5 and chapter 6 herein).  
Mullins and Loydell (2001) concluded that the chitinozoan assemblages at the Banwy 
River section could be assigned to seven biozones, which correlate directly with the 
graptolite biostratigraphical scheme for the upper Llandovery to lower Wenlock. Mullins 
and Loydell’s (2001) taxonomic studies at the Banwy River section clarified their 
identification methods for some Silurian chitinozoan taxa, and amended the synonymy of 
previously established taxa, such as Bursachitina conica (Taugourdeau and de Jekhowsky). 
 
4.4.4. BUTTINGTON BRICK PIT, WELSHPOOL, POWYS, WALES; CAVE AND 
DIXON (1993), LOYDELL AND CAVE (1993), MULLINS AND LOYDELL (2002), 
HOLLAND AND BASSETT (2002), LOYDELL ET AL. (2014).  
 
Graptolite, acritarch and chitinozoan material from the Buttington Mudstone Formation are 
reported and illustrated from the Telychian age strata at Buttington Brick Pit (Rickards and 
Xu, Downie, and Liang-Yu and Downie, in Holland and Bassett 2002, see figs, 57, 68, and 
70 respectively). The macroplankton and palynomorph investigations therein concerned 
strata somewhat older than that considered within this study so this work is not discussed 
in detail herein.  
Mullins and Loydell (2002) conducted a low resolution palynological study of the upper 
Llandovery to lower Wenlock strata at Buttington Brick Pit. 5 samples were studied from 
the Llandovery Tarannon Shales Formation, with 2 additional samples from the succeeding 
Trewern Brook Mudstone Formation just above the Butterley Mudstone Member in strata 
of Wenlock age (the latter samples are from ‘Bed 49’ of Cave and Dixon 1993). All 
samples are from graptolitic shales, with the graptolite biostratigraphy for the section 
provided by Cave and Dixon (1993) and Loydell and Cave (1993). In the lower Wenlock, 
Buttington Brick Pit was situated on the mid-slope in a palaeoenvironment deeper within 
the basin than the Hughley Brook section but shallower than the Banwy River section. 
The Trewern Brook Mudstone Formation consists of interbedded graptolitic shales and, 
usually, bioturbated grey mudstones (Loydell and Cave 1993). The lower Sheinwoodian 
samples are reported as from ‘Bed 49’ of Cave and Dixon (1993, p. 71) which marks a 
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sharp lithological change to ‘grey, silty, calcareous, largely anoxic, hemipelagic shales 
with abundant graptolites including cyrtograptids’. This bed is subdivided into two 
samples: sample ‘49/1’ (0–0.2 m below the overlying bentonite; at 0.23–0.43 m above the 
Butterley Mudstone Member) and sample ‘49/2’ (0.2–0.5 m below the overlying bentonite, 
this height appears to include the topmost 0.07 m of the underlying ‘Bed 48’ of Cave and 
Dixon 1993 and may be caused by temporal minor thickness changes in strata due to water 
content of the lithologies).  
Sample ‘49/2’ of Mullins and Loydell (2002) is assigned to the upper margaritana 
chitinozoan Biozone based upon the occurrence of both Conochitina flamma Laufeld and 
Margachitina margaritana (Eisenack), and the co-occurrence of these taxon is used to 
correlate to a level high in the murchisoni graptolite Biozone (Cave and Dixon 1993, 
Mullins and Loydell 2002). This correlation is based upon the findings in the Banwy River 
section where Cono. flamma Laufeld occurs in a single sample in the upper part of the 
biozone, at a level correlating to high in the murchisoni graptolite Biozone. Additionally, at 
the Banwy River section, Retiolites occurs until the lower part of the murchisoni graptolite 
Biozone (Loydell and Cave 1996). The lack of Retiolites from the murchisoni graptolite 
Biozone sampled at Buttington Brick Pit implies that sampling within the lower 
Sheinwoodian strata began at a level at least as old as the middle murchisoni graptolite 
Biozone (Loydell and Cave 1993, Loydell et al. 2014). The chitinozoan assemblage data of 
Mullins and Loydell (2002) from the lower Sheinwoodian strata of Buttington Brick Pit is 
provided (table 4.1).  
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Table 4.1, Chitinozoan assemblage data reproduced from Mullins and Loydell (2002, p. 94). Sample 
‘49/2’ = 0.2–0.5 m below the overlying bentonite, sample ‘49/1’ = 1. 0–0.2 m below the overlying 
bentonite. ‘marg.’ = margaritana chitinozoan Biozone, ‘murch.’ = murchisoni graptolite Biozone. For 
authorship of species see Mullins and Loydell (2002, p. 94). 
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The graptolite biostratigraphy correlates the base of the section at a level within the middle 
to upper murchisoni graptolite Biozone. The bases of the succeeding firmus and 
riccartonensis graptolite biozones are found within samples +0.90–+0.95 m and +2.25–
+2.30 m above the Butterley Mudstone Member, respectively. Loydell et al. (2014) 
considered the identification of subdivisions, particularly the lower and middle parts, of the 
riccartonensis graptolite Biozone at Buttington to be ‘exceedingly challenging’ as the 
graptolite assemblages through this biozone are of such low diversity. 
In their comparison of the δ13Ccarb and graptolite data from the Banwy River section 
(Cramer et al. 2010, fig. 4; Loydell and Frýda 2007) and Buttington Brick Pit, Loydell et 
al. (2014) identified that the δ13Ccarb isotope curve presented from the latter locality 
represents the lower part of the early Sheinwoodian carbon isotope excursion. Loydell et 
al. (2014) considered that approximately the lower half to two-thirds of the excursion 
recorded from the Banwy River section are present at the Buttington section. They reported 
that broadly similar patterns of fluctuating rise and falls in values of δ13Ccarb data are found 
from the upper murchisoni to lower firmus graptolite biozones of both the Banwy River 
section and Buttington Brick Pit. A protracted period of generally low δ13Ccarb values (from 
at least 7.05 m to 8.25 m at Buttington) appears to correlate well with a similar range of 
low values at the Banwy River section. However, the graptolite data at these levels are not 
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of high enough resolution with which to confirm a correlation (Cramer et al. 2010, Loydell 
et al. 2014). 
 
4.4.5. THE HUGHLEY BROOK SECTION, SHROPSHIRE, ENGLAND; MABILLARD 
AND ALDRIDGE (1985), MULLINS AND ALDRIDGE (2004). 
 
The Hughley Brook section is where the international stratotype for the base of the 
Wenlock Series and Sheinwoodian Stage, Silurian, was defined (see discussion in Loydell 
2008a). The base of the Wenlock is attributed to the base of ‘Bed G’ of the Buildwas 
Formation where there is a transitional lithological change to grey-green mudstones from 
the purple mudstones that are found in the underlying Llandovery Purple Shales Formation 
(Bassett et al. 1975). The section is part of a condensed shelf succession deposited in a 
palaeoenvironment much closer to the shore than Buttington Brick Pit. 
Martinsson et al. (1981, p. 168) reported that the base of Wenlock correlated ‘with the base 
of the centrifugus graptolite Biozone’. However, aside from some indeterminate fragments 
of graptolites in palynological residues (Mabillard and Aldridge 1985, Mullins and 
Aldridge 2004), there is a paucity of graptolites from the metres of strata below and above 
at the ‘golden spike’ level in both the Purple Shales Formation and the Buildwas 
Formation. The poor graptolite biostratigraphical control at the section resulted in the basis 
for the correlation of the base of the Wenlock with the centrifugus graptolite Biozone being 
inferred from graptolite data from localities (sections and boreholes) occurring some 
distance (up to kilometres away) from the Hughley Brook section (see discussion in 
Loydell 2008a, and Mullins and Aldridge 2004). 
Mabillard and Aldridge (1985) reported a ‘rich’ microfossil assemblage from the Hughley 
Brook section, and provided a range chart for several groups including eight chitinozoan 
taxa (for authorship of species see Dorning 1981a). All chitinozoan taxa occur in both the 
Llandovery and Wenlock strata, with the exception of Conochitina visbyensis Laufeld and 
Margachitina margaritana (Eisenack). Cono. visbyensis was reported from in a single 
sample above the boundary (sample ‘41’ of Mabillard and Aldridge 1985). M. margaritana 
was documented as first occurring 67 mm above the base of the Wenlock at the Hughley 
Brook section (sample ‘25/38’, Mabillard and Aldridge 1985, text-fig. 5) where it is 
considered potentially useful for recognising biostratigraphical levels close to the 
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Llandovery–Wenlock boundary. Subsequent studies, however, have shown that the true 
first occurrence of M. margaritana is somewhat older (e.g. insectus graptolite Biozone in 
the U.K., Mullins 2000, p. 369; see also discussion in Loydell and Nestor 2005, p. 375). 
Mullins and Aldridge (2004) reinvestigated the chitinozoan assemblages of the Hughley 
Brook section using chitinozoan data from twenty samples collected bed-by-bed, and 
reappraised the historical chitinozoan data and residues of Mabillard (1981), to produce a 
chitinozoan biostratigraphy for the section up to 1.211 m above Llandovery–Wenlock 
boundary. A diverse and abundant chitinozoan assemblage was reported from the 
uppermost Llandovery–lower Wenlock strata of Hughley Brook, and the same succession 
of chitinozoan biozones was recognised as in the Banwy River section (Mullins and 
Loydell 2001, previously discussed herein). 
Mullins and Aldridge (2004) assigned chitinozoan assemblages from ‘Unit F’ (uppermost 
Purple Shales Formation–lowermost Buildwas Formation) to the upper part of the 
margaritana chitinozoan Biozone, effectively bracketing the ‘golden spike’ at the 
Llandovery–Wenlock boundary to a level within this part of the biozone. The margaritana 
chitinozoan Biozone is succeeded by the bouniensis chitinozoan Biozone (at 256 mm 
above the boundary) and the bella chitinozoan Biozone (at 825 mm above the boundary). 
Mullins and Aldridge (2004) compared the ranges of stratigraphically significant 
chitinozoans at the Hughley Brook section with the same taxa at localities where 
chitinozoan assemblage data are provided with good age constraint from graptolite data 
(e.g. Estonia, Loydell et al. 1998; Latvia, Loydell et al. 2003; Builth Wells, Verniers 1999, 
Zalasiewicz and Williams 1999; Banwy River section, Mullins 2000, Mullins and Loydell 
2001; Buttington Brick Pit, Mullins and Loydell 2002). Using chitinozoan data from 
different localities within the Welsh Basin and the chitinozoan biozones identified at 
Hughley Brook, Mullins and Aldridge (2004) extrapolated an ‘approximate’ graptolite 
biostratigraphy for the level at which the golden spike occurs. The graptolite biozonation 
‘inferred’ for Hughley Brook was used to bracket the base of the Wenlock (GSSP) to a 
level in the upper part of the centrifugus graptolite Biozone or the lower part of the 
murchisoni graptolite Biozone.  
As there is no good graptolite biostratigraphical control in the locale, the chitinozoans of 
the Hughley Brook section are of little value for investigating the levels at which 
significant chitinozoan and graptolite biozones correlate. However, there is a diverse 
assemblage of chitinozoans described and illustrated from the Hughley Brook section, 
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from which Mullins and Aldridge (2004) documented the order of appearances of 
potentially biostratigraphically ‘significant’ chitinozoans, and describe new taxa that are 
potentially biostratigraphically significant (e.g. Pterochitina hughleyensis).  
Specimens of Salop. bella illustrated by Mullins and Aldridge (2004) appear to have a 
more diverse morphology than was detailed in the original description of Swire (1990). 
Originally described as having a smooth vesicle surface, Mullins and Aldridge (2004) 
illustrated forms that possess a granulate vesicle ornament. A specimen identified as Salop. 
bella from sample ‘MPK12744’ appears to possess both a granulate and a rugose ornament 
that is particularly pronounced around the basal margin (pl. 7, fig. 3 therein). Neither of 
these features are included within the original description of this taxon (Swire 1990), and 
Mullins and Aldridge (2004) did not comment upon, nor attempt to constrain, the 
morphological diversity of Salop. bella Swire found at the Hughley Brook section. 
 
4.5. BRABANT MASSIF, PART OF THE ANGLO-BRABANT DEFORMATION 
BELT, BELGIUM (AVALONIA). 
 
4.5.1. CHITINOZOANS OF THE MEHAIGNE AREA, BELGIUM; VERNIERS AND 
RICKARDS (1978) [IN FRENCH], VERNIERS (1981), VERNIERS (1982), VERNIERS 
AND VAN GROOTEL (1991), VERNIERS ET AL. (2002). 
 
The chitinozoans assemblages from 2100 m of flysch facies from the Mehaigne area were 
investigated by Verniers (1981, 1982). Graptolites observed from the middle part of the 
section allowed the identification of graptolite biozones characteristic of the early and 
middle Wenlock (Verniers and Rickards 1978). Although the area is recognised as 
structurally complex, the turbidite sequences can be traced laterally for kilometres, and the 
studied sections are considered to be stratigraphically continuous (Verniers 1981, 1982).  
Graptolites are only found from the early to middle Wenlock strata in the middle of the 
sequence (formations MB4 and MB6, Verniers and Rickards 1978). Verniers and Rickards 
(1978, figs 3–4) assigned the low diversity graptolite assemblage from horizon ‘CD-20/33’ 
(Formation MB-4A) to the ‘murchisoni or centrifugus’ graptolite Biozone. The low 
diversity graptolite assemblage from horizon ‘CD-22E/34’ (Formation MB4C) contained 
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rare Monoclimacis sp., frequent indeterminate fragments, and rare Monograptus cf. 
riccartonensis Lapworth that Verniers and Rickards (1978, figs 3–4, p. 153) considered 
suggestive of riccartonensis graptolite Biozone. The low diversity graptolite assemblage 
from the horizon at ‘CD-22E/36’ (Formation MB4C) contained frequent indeterminate 
fragments, rare Monoclimacis sp., rare Monograptus cf. riccartonensis Lapworth, rare 
Monograptus ?priodon (Bronn), and rare Monoclimacis cf. flumendosae (Gortant) 
considered by Verniers and Rickards (1978, figs 3–4, p. 153) indicative of the upper part of 
the zone riccartonensis graptolite Biozone (Verniers and Rickards 1978, fig. 4, p. 153). 
However, true Monograptus riccartonensis Lapworth was not reported from the area. 
Monograptus firmus Bouček was not reported from the Mehaigne area (Verniers and 
Rickards 1978). 
Vitrinite analysis, lithological evidence (e.g. slatey cleavage), and mineralogical evidence 
(the presence of chlorite and sericite) suggest that the section has been subjected to a high 
degree of diagenesis and/or low grade metamorphism. This potentially reduces the 
abundance and diversity of chitinozoans through the section by severely damaging or 
destroying the chitinozoan vesicles (Verniers 1981, 1982). 
The chitinozoan assemblages in the Mehaigne area are considered allochthonous by 
Verniers (1981, 1982), a conclusion supported by several factors that indicated that the 
original source area was deep outer-shelf (e.g. the lack of spores, the presence of numerous 
sphaeromorph acritarchs, and the generic and specific diversity and composition of the 
chitinozoan assemblages within the wider framework of the microfossil assemblages 
through the section). Turbidity currents were considered to be the transport mechanism that 
moved the microfossil assemblages into a deeper, bathyal realm such as the continental 
slope or a geosynclinal trough (Verniers 1981, 1982). The palaeoenvironment of the source 
area is considered to have had deep shelf conditions for the whole period represented by 
the sections with moderately deep conditions in the early Wenlock (within Formation MB4 
of Verniers and Rickards 1978). 
Chitinozoans were reported by as being mostly sampled from the top of the Te intervals of 
Bouma sequences (Bouma 1962) or the complete Te interval in thin examples (Verniers 
1981, 1982, see discussion in Verniers and van Grootel 1990, p. 174–176, fig. 6 therein). 
The Te interval generally consists of pelagic and hemipelagic muds, is usually massive, and 
is deposited by suspension settling (Bouma 1962). In consideration of this, it is possible 
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that some, if not all, of the chitinozoan assemblage may be autochthonous where 
chitinozoan data are derived from the Te interval.  
The investigation of Verniers (1981) was based on 56 samples that yielded chitinozoans 
assigned to 10 genera and 35 species. A stratigraphical range chart was provided for the 
chitinozoans (Verniers 1981, fig. 1) with correlation to the graptolite biozones (where 
possible), lithostratigraphical formations, and chronostratigraphical ages. A ‘dotted’ line on 
the range chart therein, highlighting levels where atypical specimens occurred, suggests 
that no teratological or atypical forms were observed from the early to middle Wenlock. 
Verniers (1981) considered that during previous palynological investigation of the area 
(Verniers and Rickards 1978) chitinozoan assemblage zones may have been erected for too 
minor/subtle changes in the taxon composition to be considered biostratigraphically useful. 
From the Mehaigne area, Verniers (1981) defined and illustrated most of the species from 
five informal Silurian chitinozoan assemblages (‘A’–‘E’, with subdivisions), with focus on 
reporting the extent and composition of the assemblage zones with correlation to graptolite 
biostratigraphy wherever possible (the latter occurring for lower–middle Wenlock strata). 
The zones and subzones were determined upon the composition of the assemblage 
sometimes involving and the presence or absence of particular taxa.  
Verniers (1982) provided new data from the Mehaigne area with 102 samples collected at 
10 to 15 m intervals. 78 chitinozoan-bearing samples containing 39 taxa in 10 genera and 
38 species (of which 18 are poorly preserved and kept in open nomenclature) were 
reported with illustrations and stratigraphical ranges provided. Verniers (1982) expanded 
the previous work of Verniers (1981) with descriptions of the chitinozoan assemblages and 
addressed the systematics of the chitinozoan taxa from the Mehaigne area. Revisions of the 
data and interpretation presented in Verniers (1981) included improved dating of the 
chitinozoan assemblage zones, and some minor taxonomic changes. The composition of 
chitinozoan assemblage was elucidated and correlation with other areas was discussed with 
regard to, often broadly contemporaneously, published data from other areas: Gotland and 
Scania (Laufeld 1971, 1974; Laufeld et al. 1979), and for Wales and the Welsh Borderland 
(Aldridge et al. 1979). Verniers (1982) determined the age of the strata from the informal 
‘Formation MB3’ to be late Llandovery or possibly early Wenlock, and ‘Formation MB4’ 
latest Llandovery, early Wenlock and the earliest middle Wenlock.  
Chitinozoans were reported as moderately to poorly preserved with low abundance, even 
in the context of the generally low abundances usually recorded in this region (Verniers 
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1981, 1982). Verniers (1982) observed levels with higher abundances occurring with 
sediments deposited in high energy turbidity currents at the transition between the ‘Late 
Llandovery or early Wenlock’ and the ‘early Wenlockian’ (formations MB3 and MB4, 
therein). Verniers (1982) suggested a partial link between the regime of turbidity currents 
and the abundance of chitinozoans, but found no clear relationship between these variables 
in ‘smaller mega-cyclic changes’ within the turbidity regime. A notable decrease in 
chitinozoan abundance is observed from early to the middle Wenlockian (formations MB4 
to MB5) which is associated with decreased energy in turbidity currents and an increase in 
the amount of transported material (Verniers 1982). 
The high diversity of chitinozoans was considered by Verniers (1982) to be a primary 
feature of the assemblage, and an indication of a favourable palaeoenvironment within the 
source area. No link was established between potential transport, mineral content of the 
sediments or the energy of turbidity currents, and the high diversity of chitinozoans of the 
area. Diversity is generally high from the late Llandovery to middle Wenlock (formations 
MB3d to MB4b) but decreases during the middle to late Wenlock. Verniers (1982) did not 
observe a relationship between chitinozoan diversity and abundance in the Mehaigne area. 
Verniers’ (1982) considered that attempts to correlate the chitinozoan assemblages from 
the Mehaigne area with other regions had limited success for two reasons. Firstly, the 
succession of chitinozoan assemblages in the Mehaigne area were considered too disparate 
for correlation from those from approximately coeval sections on the north-central part of 
the Gondwana plate (references therein). Secondly, some works, specifically Taugourdeau 
and de Jekhowsky (1960), were considered to have too low a temporal resolution for the 
details of correlation required. 
Verniers (1982) considered the Mehaigne area to have been in communication with the 
‘British microplate’ (= part of Eastern Avalonia), Baltic and eastern European platform in 
the early Silurian, but with less contact with the Amorican Massif and areas to the south. 
Correlation with the type Wenlock and Ludlow of Shropshire, England, was limited to the 
observation that Margachitina margaritana (Eisenack) occurs with both areas. Dorning 
(1981a) reported moderate numbers of M. margaritana from the Buildwas Formation. 
Margachitina was observed by Verniers (1982) throughout chitinozoan assemblage zone 
‘C’ from the Llandovery to the middle Wenlock (unequivocal M. margaritana was 
observed from formations MB3d–MB5). Subsequent studies have shown that M. 
margaritana occurs within strata older than Wenlock (e.g. Mullins 2000). 
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A subsequent reinterpretation of the informal chitinozoan biozonation scheme proposed for 
the Mehaigne area correlates informal chitinozoan biozone subzone ‘C’ (late Llandovery to 
early Wenlock) to combined margaritana chitinozoan Biozone, bouniensis chitinozoan 
Biozone, and the burdinalensis chitinozoan Biozone in the Mehaigne area (Verniers 1981, 
1982, 1999; Verniers et al. 2002, p. 300).  
 
4.5.2. THE CHITINOZOAN BIOSTRATIGRAPHY OF THE SILURIAN OF THE 
RONQUIÈRES-MONSTREUX AREA; VERNIERS ET AL. (2002). 
 
Chitinozoans were recovered from 37 samples from the Silurian age formations of the 
Ronquières and Monstreux areas, Brabant Massif. High anchizonal metamorphism in the 
area has resulted in poor to moderately preserved chitinozoan assemblages. Nevertheless, 
the chitinozoan assemblages are diverse and can be abundant with between 0.1–23 
chitinozoans per gramme of rock (Verniers et al. 2002). 
The local chitinozoan biozone ‘A’ therein encompasses the top of the Fallais Formation to 
the base of the Petit Roeulx Formation. Verniers et al. (2002) considered that components 
of the chitinozoan assemblage at this level allow local chitinozoan biozone ‘A’ to be 
correlated/partially correlated with subzone ‘C’ (subzones ‘C1’, ‘C2’ and ‘C3’) of Verniers 
(1981,1982) or the combined ‘margaritana, bouniensis, burdinalensis’ chitinozoan 
biozones of the Mehaigne area (see Verniers 1999). It should be noted, however, that this 
correlation was based on similarities in the composition of the assemblage at this level and 
that key taxa, Cing. bouniensis, Cono. mamilla, and Cing. burdinalensis, are absent from 
local chitinozoan biozone ‘A’. The same issue applies to Verniers et al.’s (2002) 
correlation with the lower Wenlock chitinozoan assemblages from the Buildwas Formation 
(Dorning 1981a), the combined margaritana–mamilla–burdinalensis chitinozoan biozones 
of the Builth Wells district (Verniers 1999), with the margaritana–mamilla chitinozoan 
assemblages on Gotland (Laufeld 1974). Local chitinozoan biozone ‘A’ is also correlated 
to sequences from Baltica with the combined proboscifera chitinozoan Biozone and 
margaritana chitinozoan Biozone of Estonia and northern Latvia (Nestor 1994). The local 
chitinozoan biozone ‘A’ correlates with the margaritana chitinozoan Biozone of the global 
chitinozoan biozonation scheme of Verniers et al. (1995). Despite having lower 
biostratigraphical resolution in comparison with other regions (e.g. in comparison to Builth 
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Wells district, Verniers 1999), correlation with other areas, but particularly within the 
Mehaigne area (Verniers 1981, 1982), suggests that assemblage ‘A’ correlates suggests an 
age of late Llandovery to early Wenlock. The succeeding local chitinozoan biozone ‘B’ 
correlates to the upper Sheinwoodian cingulata chitinozoan (local and global) Biozone. 
Graptolite data were not available for the upper Llandovery and lower Sheinwoodian of the 
Fallais Formation. The Corroy Formation is determined as lower Wenlock in the 
Ronquières areas from chitinozoan biostratigraphical control (Verniers et al. 2002). 
Verniers et al. (2002, fig. 3) showed the stratigraphical ranges of the chitinozoans in 
relation to the global, regional, and local chitinozoan biozonation schemes and the 
formations sampled, and key taxa were illustrated using scanning electron micrographs.  
 
4.6. THE PRAGUE BASIN, CZECH REPUBLIC (NORTHERN PERI-
GONDWANA). 
 
4.6.1. ‘LOWER SILURIAN CHITINOZOANS OF THE PRAGUE BASIN 
(BARRANDIAN, CZECHOSLOVAKIA)  PRELIMINARY RESULTS’; DUFKA 
(1992).  
 
Dufka (1992) presented a preliminary study of chitinozoans recovered from a lower 
Silurian sequence from the Prague Basin (southwest of Prague), which is dominated by 
black shales with dark micritic limestones. Graptolites were reported as abundant 
throughout the sections, and Jaeger’s (1991) graptolite biostratigraphical control was 
adopted therein. In this preliminary study, 140 samples were processed with over a third of 
samples, from sixteen sections, yielding diagnostic chitinozoan assemblages. Preservation 
of chitinozoans was poor to moderate, with high thermal maturation being found to affect 
black shale proximal to basalts, and the associated destruction of chitinozoan vesicle 
and/or ornament resulted in many taxa being identifiable only to generic level (Dufka 
1992). Consequently, in affected parts of the section, (1) the ranges of some chitinozoans 
are interrupted, (2) there is a decrease in the observed diversity of chitinozoan 
assemblages, and (3) the biostratigraphical potential of taxa bearing well-developed 
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processes or ornament, particularly the Ancyrochitininae, Angochitininae, and 
Spinachitina, is reduced within the region.  
Chitinozoan assemblages were found to fluctuate between low to moderate diversity 
throughout the section, but a noticeable drop in diversity was observed for the middle 
Wenlock – Dufka (1992) attributed this to increased sediment input into the centre of the 
Prague Basin. Low diversity chitinozoan assemblages were dominated by the genus 
Conochitina. 
Two informal chitinozoan assemblage zones were correlated to graptolite data from the 
lower Sheinwoodian, though no samples from the centrifugus graptolite Biozone were 
studied for chitinozoans. The base of the murchisoni graptolite Biozone was correlated 
with the base of chitinozoan assemblage ‘G’, which extends towards the top of murchisoni 
graptolite Biozone. A single sample was assigned to chitinozoan assemblage ‘G’ (sample 
‘LS51’ from locality 566) where 112 chitinozoans were identified. The assemblage was 
reported as composed of Ancyrochitina ancyrea group, Margachitina margaritana, 
Conochitina cf. intermedia, Conochitina cf. visbyensis, Belonechitina? sp. and 
Eisenackitina? sp., all of which were first recorded from this level by Dufka (1992, table 
1). Cono. proboscifera and M. margaritana are stratigraphically significant taxa that first 
occur earlier, in the Llandovery, in other regions (e.g. Paris 1989; see discussion regarding 
M. margaritana in Loydell and Nestor 2005, p. 375). 
The base of the succeeding chitinozoan assemblage ‘H’ was shown to correlate at a level 
high in the murchisoni graptolite Biozone, extending through the subsequent 
riccartonensis graptolite Biozone, until it concludes at the base of the succeeding 
antennularius graptolite Biozone (Dufka 1992, table 1). Two samples were assigned to 
chitinozoan assemblage ‘H’, the stratigraphically lowest of which was correlated to a level 
within the murchisoni graptolite Biozone (sample ‘LS53’, locality, 580) where 96 
chitinozoans were identified. The assemblage was composed of Eisenackitina? sp. and 
Ancy. ancyrea group, which persist from the lower chitinozoan assemblage, with the first 
occurrences of Angochitina cf. echinata, Cono. proboscifera, and Cono. proboscifera 
forma truncata. A higher sample was correlated to the riccartonensis graptolite Biozone 
(sample ‘HD2’, locality, 46) where 88 chitinozoans were identified, and assigned to 
Eisenackitina? sp., Ancy. ancyrea group, Cono. proboscifera, and Cono. proboscifera 
forma truncata. 
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Dufka (1992) presented the ranges of 31 chitinozoan taxa from the lower Wenlock from 
assemblages with low to moderate diversity. Ten informal chitinozoan assemblage 
biozones (‘A–J’) were integrated with the graptolite biozonation scheme from the 
Rhuddanian to Homerian. Dufka (1992) highlighted the similarity of the Llandovery 
chitinozoan assemblages of the Prague Basin and the Brabant Massif (Martin 1973, Van 
Grootel 1990). Correlation with other regions (chiefly the Carnic Alps, Sardinia, Montagne 
Noire and Morocco) was limited by the paucity of comparable data (see references 
therein). 
 
4.6.2. ‘SILURIAN GRAPTOLITES AND CHITINOZOANS FROM THE URANIUM 
INDUSTRY BOREHOLES DRILLED IN 1968–1971 (PRAGUE BASIN, BOHEMIA)’; 
DUFKA ET AL. (1995). 
 
Dufka et al. (1995) presented new stratigraphical data from the lower Silurian strata of the 
western part of the Prague Basin, as available from boreholes drilled by the Uranium 
Industry Geological Survey between 1968 and 1971, to the south and east of Beroun, 
Prague.  
Dufka et al. (1995) provided a detailed study of the succession, chitinozoan assemblage 
composition and stratigraphical thickness of graptolite biozones in the region from the 
Llandovery–Wenlock strata. Chitinozoan data from the boreholes had graptolite 
biostratigraphical control (provided therein) that elucidated the ranges of some chitinozoan 
taxa in the region. Dufka et al. (1995) considered that the region’s low diversity of 
chitinozoan assemblages from black shales may, in part, be attributed to the destruction of 
vesicle ornament of some chitinozoans, an issue recognised and discussed in earlier work 
(Dufka 1992), caused by high thermal maturation that resulted from nearby basalt 
intrusions into the basin (Dufka et al. 1995). Alternatively, a lack of chitinozoans or the 
presence of only unidentifiable fragments in some cores or core sections (such as their B-
30 and B-47), may be due to their primary absence or paucity within the sediment.  
The succession of graptolite biozones from the Sheinwoodian, as utilised by Dufka et al. 
(1995), comprised the insectus, centrifugus, murchisoni, riccartonensis, dubius, and the 
belophorus graptolite biozones. Sheinwoodian strata occurs within the Motol Formation 
(with the exception of the formation base which is Llandovery in age, Kříž 1975) which is 
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composed of calcareous shales with intrusive basalts at some levels (Dufka et al. 1995, fig. 
2). The graptolite data was considered to concur with more detailed descriptions of the 
sequence of graptolite biozones observed from surface sections (Dufka et al. 1995 and 
references therein). 
Of 210 samples from the 7 boreholes studied for chitinozoans, 72 samples from 5 
boreholes were found to have identifiable chitinozoans (boreholes: B-33, B-48, B-49, B-57 
and B-71). Boreholes B-48 and B-57 have chitinozoan assemblages from levels of 
confirmed or questionable murchisoni graptolite Biozone age. Monograptus firmus was not 
reported from the boreholes. No graptolite data or chitinozoan data directly from the 
riccartonensis graptolite Biozone was discussed by Dufka et al. (1995), but the graptolite 
biozone is considered present in the Prague Basin. Dufka et al. (1995) reported that in 
younger parts of the section (above the turriculatus graptolite Biozone?) graptolites were 
less abundant and are not considered sufficiently detailed for stratigraphical considerations. 
Nonetheless, Dufka et al. (1995, fig. 4) provided a range chart for chitinozoan taxa 
considered stratigraphically significant species for the lower Silurian of the Prague Basin, 
in context of the graptolite biozonation scheme. From the Sheinwoodian, significant taxa 
included Cono. proboscifera, which first occurs within the spiralis graptolite Biozone and 
persists until at least the belophorus graptolite Biozone (the highest part of the sections 
sampled). The first occurrence of M. margaritana was figured as coinciding with both the 
base of the Wenlock and the base of the insectus graptolite Biozone. However, the lowest 
occurrence reported within the graptolite biozonation scheme occurs in sample ‘B77/13’ 
(Borehole 71) at 161 m which was assigned to ‘insectus Zone–centrifugus Zone’ at a level 
just above the Llandovery–Wenlock boundary. Consequently, the first appearance of M. 
margaritana in the western part of the Prague Basin can only be considered to be at least 
as old as the centrifugus graptolite Biozone, and potentially as old as insectus graptolite 
Biozone (see Mullins and Loydell 2001 for discussion, p. 774). The range chart presented 
the ranges of ‘Cingulochitina sp. A’ and Conochitina gracilis as questionably occurring 
towards the top of the insectus graptolite Biozone, and confirmed from a level within the 
murchisoni graptolite Biozone with both taxa persisting until at least the top of the cores.  
Aside from M. margaritana, which is both a global and a regional biozonal index taxon 
within Wales and the Welsh Borderland, none of the local index fossils currently 
recognised for the chitinozoan biozones of the lower Sheinwoodian of Eastern Avalonia 
were identified in the Prague Basin by Dufka et al. 1995). Dufka et al. (1995) provided 
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basic assemblage composition data (presence data) for chitinozoans at various levels in the 
cores but did not propose a formal chitinozoan biozonation scheme for the Prague Basin.  
Morávek (2009; pl. 2, figs 99a; pl. 7, fig. 5) reported the occurrence of Cingulochitina 
bouniensis Verniers, for the first time in the Prague Basin, from a temporarily locality at 
Bykoš. Integrated graptolite biostratigraphical control was not provided therein and 
accordingly the biostratigraphical significance of the appearance of this taxon is uncertain 
within the Prague Basin. 
 
4.7. ESTONIA AND LATVIA, BALTIC AND EASTERN EUROPEAN PLATFORM 
(BALTICA). 
 
Chitinozoans from the Silurian of boreholes and sections from the Baltic region 
(particularly within Estonia and Latvia) from varying palaeodepths within the Baltic basin 
have been extensively studied. Within the last 17 years, several investigations have 
reappraised the graptolite and chitinozoan material from some cores in light of taxonomic 
developments within both groups. The integrated chitinozoan and graptolite biozones 
presented in these key studies are discussed therein with focus on chitinozoans and 
graptolites from the lower Sheinwoodian strata.  
A comparison of the chitinozoan biozones recognised for the early Sheinwoodian Baltic 
region and Welsh Basin and Welsh Borderland are presented (fig. 4.2, fig. 6.5). A 
stratigraphical chart of the early Silurian of the northern East Baltic is available in Nestor 
(1994, fig. 2) and Rubel et al. (2006, fig. 2) and the reader is directed therein. 
The location of the boreholes, from which the key studies discussed below are presented, 
are shown on a map of the distribution of early Wenlock (approximately riccartonensis 
Zone) sedimentary rock types and facies belts in the northern Baltic region (fig. 4.4).  
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Fig. 4.4, Locations of northern Baltic boreholes, from which the key studies discussed below are based, 
with the distribution of early Wenlock (approximately riccartonensis Zone) sedimentary rock types 
and facies belts in the region. This figure is reproduced from Loydell et al. (2010, fig. 1), and modified 
from Bassett et al. (1989) therein. Key to facies belts; ‘1’ = nearshore, high energy shoals, ‘2’ = shallow 
mid-shelf, ‘3’ = deeper, outer shelf, ‘4’ = deep-shelf depression.  
 
4.7.1. EARLY SILURIAN CHITINOZOANS OF ESTONIA AND NORTH LATVIA. 
 
Nestor (1994) presented a study (in English) of the early Silurian chitinozoan assemblages 
from 31 Estonian and north-Latvian cores. 13 of these cores contained complete or partial 
data for the Janni stage (lower to middle Sheinwoodian). Nestor (1994) described and 
illustrated a biozonation scheme for the chitinozoans for the early Silurian of the Baltic 
region based on succeeding biozones. These biozones were established on the total or 
partial stratigraphical ranges of index chitinozoan taxon. Interzones were established for 
stratigraphical levels that were barren of chitinozoans or where chitinozoan assemblages 
lacked characteristic species. The chitinozoan biozonation scheme was compared with the 
graptolite biozonation scheme for the Baltic (e.g. Kaljo 1970). Subsequent taxonomic 
work, primarily on graptolites, has resulted in the revision of the definitions of some 
biozones in the lower Silurian (see discussion in Loydell et al. 1998, p. 773). 
Nestor (1994) produced a taxonomic study of the chitinozoans of the Baltic region that 
identified 22 genera and 111 species including descriptions of two 2 genera and 15 new 
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species. This key work provided a basis for later, extensive studies into the chitinozoans 
from the Silurian of the Baltic region and Baltica palaeocontinent. 
The margaritana chitinozoan Biozone, recognised from the first occurrence of 
Margachitina margaritana (Eisenack), was assigned to 11 cores (including 1 tentative 
identification) and the succeeding ‘Interzone IV’ was identified for 8 cores from lower 
Sheinwoodian strata. ‘Interzone IV’ was assigned from the disappearance of Angochitina 
longicollis Eisenack and corresponds to stratigraphical levels with low chitinozoan 
diversity, with species successively disappearing through this interzone (Nestor 1994, p. 
132). Originally correlated to levels within riccartonensis graptolite Biozone (Nestor 
1994), later studies indicated that Interzone IV correlates to the firmus graptolite Biozone 
and the lower part of the riccartonensis graptolite biozones (e.g. Loydell et al. 2010). In 
combination, the margaritana chitinozoan Biozone and Interzone IV correspond to most of 
the Ireviken Event (Nestor et al. 2002). 
Nestor (1994) found at least partial correlation between the chitinozoan assemblages the 
Baltic region and chitinozoan assemblages from the lower Sheinwoodian of other regions 
by identifying the margaritana chitinozoan Biozone and Interzone IV from other areas 
including Gotland (e.g. Laufeld 1974, 1979), Skåne (Grahn 1978), the Brabant Massif 
(Rickards and Verniers 1978, Verniers 1982), Podolia (Laufeld 1971, Tsegelnjuk 1982, 
Tsegelnjuk et al. 1983), the Prague Basin (Dufka 1992), and the Welsh Basin and 
Borderlands (e. g. Dorning 1981a, Mabillard and Aldridge 1985). Correlation was 
achieved through a comparison of chitinozoan data with less emphasis on the graptolite 
biostratigraphical control between regions, although it is was acknowledged that some 
localities do not have good graptolite data (such has the Hughley Brook GSSP, 
Shropshire). M. margaritana was not recognised from sections in southern Ohio and 
northern Kentucky, USA (Grahn 1985, Grahn and Bergström 1985), and the base of the 
succeeding Interzone IV is recognised from the disappearance of Ango. longicollis. Nestor 
(1994) found that the Silurian chitinozoans of Libya have some affinity with the Baltic: M. 
margaritana was observed occurring with ‘exotic forms’. 
 
4.7.2. OHESAARE BOREHOLE, SAAREMAA, ESTONIA; NESTOR (1994), 
LOYDELL ET AL. (1998), NESTOR (2005). 
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Loydell et al. (1998) presented integrated graptolite, conodont and chitinozoan 
biostratigraphical data from the Rhuddanian to Sheinwoodian of the Ohesaare core, 
Estonia. Interpreted as having been deposited in a relatively deep shelf 
palaeoenvironmental setting, it was originally considered that the early Silurian strata of 
Ohesaare would be fairly complete with minor, if any, interruption. However, fossil data 
show that an unconformity occurs within the Llandovery, interpreted as resulting from 
regression caused by eustatic falls in sea-level during the Aeronian and early Telychian 
(see Loydell 1998, Loydell et al. 1998). A change in sediment colour marks the 
Llandovery–Wenlock boundary from the greenish mudstones of the Velise Formation, 
upper Llandovery, to the dark grey or brownish mudstones of the Riga Formation, basal 
Wenlock (Loydell et al. 1998, fig. 1). 
Nestor (1994) provided primary taxonomic studies of the chitinozoans for Ohesaare and 
the chitinozoan biostratigraphical schemes from Nestor (1994) and Verniers et al. (1995) 
were discussed and correlated with the graptolite biozonation. These data were compared 
with the chitinozoan biozonation schemes of the Subcommission on Silurian Stratigraphy 
(Subcommission on Silurian Stratigraphy 1995), Paris (1989) for northern Gondwana, and 
of the Prague Basin (Dufka et al. 1995). The chitinozoan data from the Ohesaare core was 
subsequently reappraised in Nestor (2005).  
A lack of graptolite data of around the Llandovery–Wenlock boundary (early lapworthi 
graptolite Biozone age strata until the assignment of the base of the murchisoni graptolite 
Biozone) was reported from the Ohesaare core, and correlation between chitinozoan 
biozones and the graptolite scheme is not possible at these levels. A fragment of robust 
Cyrtograptus of indeterminate species, indicative of Wenlock age strata, occurs in a 
sample from 345.11–345.14 m. The first Cyrtograptus murchisoni was recorded at 343.04–
343.06 m, while Mediograptus vittatus (Štorch) appeared slightly earlier at 343.94–343.95 
m. As the latter taxon is stated to be found exclusively from the murchisoni graptolite 
Biozone in Bohemia (Štorch 1994b), the base of the murchisoni graptolite Biozone is 
placed at this level (343.94–343.95 m). The first Monograptus firmus occurs at 337.60 m, 
and the base of the riccartonensis Biozone lies between 336.70 m and 336.61–336.62 m. 
A diagrammatic comparison of the graptolite and chitinozoan biozones recognised for the 
Telychian and lower Sheinwoodian of the Ohesaare core provided by Loydell et al. (1998, 
fig. 8), shows the base of the margaritana chitinozoan Biozone correlating to the base of 
the murchisoni graptolite Biozone, according to the chitinozoan scheme of Nestor (1994). 
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The distribution of chitinozoans in the core shows the first occurrence of M. margaritana 
at 343.75 m (see reappraisal in Nestor 2005) at a level correlating near to the base of the 
murchisoni graptolite Biozone. Note that Nestor (1994) had previously assigned the base 
of the margaritana chitinozoan Biozone to 354.8 m (table 4, p. 133 therein) which occurs 
between levels where the graptolites ‘from 356.14 m and 352.80–352.88 m [are] 
undoubtedly [from] the lapworthi Biozone’ (Loydell et al. 1998, p. 776).  
Loydell et al. (1998, fig. 1) showed that the base of Interzone IV (at 336.90 m, in 
reappraisal of Nestor 2005) correlated with base of the firmus graptolite Biozone when 
assigning the chitinozoan biozonation scheme of Nestor (1994) as the base of Interzone IV 
occurs at 0.07 m below the base of the first occurrence of Monograptus firmus. Note that 
Nestor (1994, p. 132; Kaljo 1970) had previously reported that Interzone IV corresponds 
approximately to the riccartonensis graptolite Biozone in the Ohesaare core. 
The correlation of graptolite and chitinozoan biozones provided for the lower 
Sheinwoodian of the Ohesaare present the base of margaritana chitinozoan Biozone to 
correlate to a level at least as old as the uppermost centrifugus graptolite Biozone (Loydell 
et al. 1998, fig. 8). Interval IV is not recognised for the Ohesaare section by Loydell et al. 
(1998, fig. 8) as only biozones, not interzones, are recognised in their interpretation. 
All of the chitinozoan biozonation schemes included for comparison by Loydell et al. 
(1998) show the base of the margaritana chitinozoan Biozone occurring at lower levels 
(up to five graptolite biozones earlier) than recognised by Nestor (1994) and Loydell et al. 
(1998) in the Ohesaare core. In Verniers et al.’s (1995) global Silurian chitinozoan 
biozonation scheme the base of the margaritana chitinozoan Biozone was correlated to the 
centrifugus–murchisoni graptolite biozones and approximately with the base of the 
Sheinwoodian. No precise graptolite biostratigraphical data are available from, or close to, 
the Llandovery–Wenlock boundary within both the Ohesaare core and the Hughley Brook 
GSSP which precludes integrated correlation at these levels. Subsequent, investigations 
have shown that M. margaritana first appears, possibly diachronously, at older levels 
within the Llandovery in both the Baltic and the U.K. (see discussion in Loydell and 
Nestor 2005, p. 375). 
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4.7.3. RUHNU (500) BOREHOLE, ESTONIA; KALJO (IN PÕLDVERE 2003), 
MӒNNIK (IN PÕLDVERE 2003), NESTOR (IN PÕLDVERE 2003), NESTOR (2005). 
 
The Ruhnu (500) core was drilled during hydrocarbon exploration in the central part of 
Ruhnu Island in Liivi Bay, south-western Estonia. Subsequent investigations on the core 
by workers specialising in various geological disciplines were reviewed, restudied and 
compiled (along with new data) in Põldvere (2003). The lower Silurian strata within the 
core were deposited in the deep water transitional facies belt interpreted by Nestor and 
Einasto (1997). The Silurian sequence was presented as the most complete Silurian 
succession in Estonia (Põldvere 2003). 
Põldvere (2003) presented descriptions and discussions of the micropalaeontology, stable 
isotope stratigraphy, mineralogy, chemical composition and petrophysical properties of the 
sediments from previous work (references therein), along with new data. To improve 
stratigraphical subdivision, the biostratigraphy of the section was constrained by several 
different biostratigraphically useful fossil groups. From the Silurian succession the 
biostratigraphy was constructed using mainly brachiopods, conodonts, chitinozoans, 
graptolites, and, for the upper Silurian, microvertebrates. 
Chitinozoan assemblages were studied from Llandovery to Přídolí strata. 322 samples were 
processed for chitinozoans, 45 of which were barren. The ranges of 125 species of Silurian 
chitinozoans in the Ruhnu (500) section were presented (Põldvere 2003, appendix 14, 
sheets 1–4), with 26 chitinozoan biozones and 3 interzones identified from the core. 
Sampling density is highest in the Adavere and lowermost Jaani stages (Põldvere 2003). 
The base of the margaritana chitinozoan Biozone was recognised at 459.00 m (from a 
sample reported at a depth of 459.00–459.10 m) up to 0.6 m above the preceding sample. 
The base of the succeeding Interzone IV is assigned to 451.0 m at 2.4 m above the 
preceding sample. The basal boundary of the interzone is probably at some level within 
this 2.4 m interval.  
The strata 3.6 m above the base of the Tõlla Member (taken at 457.50 m, assigned to the 
base of the Wenlock) has no graptolite dating and it is uncertain if a paucity of graptolite 
data at these levels is due to and/or partially resultant from the primary absence of 
graptolites from sediments at these levels or a stratigraphical gap at the Llandovery–
Wenlock boundary (Põldvere 2003). Graptolite biostratigraphical subdivision of the lower 
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Wenlock is considered to commence with the identification of Cyrtograptus cf. murchisoni 
at 453.90 m (2003, p. 17, appendix 18). The base of murchisoni graptolite Biozone is 
assigned to this level. Põldvere (2003, p. 17) comment that the ‘murchisoni [graptolite] 
Biozone is easily identifiable up to 447.8 m thanks to frequent occurrence of the 
eponymous species’. However, the distribution of graptolite taxa at this level (Põldvere 
2003, appendix 18) does not provide a range for true Cyrtograptus murchisoni and it is 
Cyrt. cf. murchisoni that has a last occurrence at 447.80 m. Consequently, murchisoni 
graptolite Biozone cannot be recognised in the Ruhnu (500) core and the appearance of a 
cyrtograptid at 453.90 m means that this level is more correctly attributed to the 
centrifugus or murchisoni graptolite biozone. This level occurs within the upper part of 
the margaritana chitinozoan Biozone (Põldvere 2003, appendix 14).  
Monograptus firmus, which first occurs at 448.10 m (see Põldvere 2003, appendices 17 
and 18), is not treated as an index taxon to signify the base of a discrete graptolite biozone 
but is considered to appear within a band at the top of murchisoni graptolite Biozone in the 
Ruhnu (500) core by Põldvere (2003). However, the firmus graptolite biozone can be 
recognised from 448.10 m until the first appearance of Monograptus riccartonensis at 
447.20 m. Unfortunately, no samples were studied for chitinozoans from the interval that 
can be attributed to firmus graptolite Biozone. The firmus graptolite Biozone is recognised 
as occurring within the lower part (albeit not lowermost part) of the Interzone IV in the 
Ruhnu (500) core herein. Note that the base of Interzone IV at 448.60 m (last occurrence of 
Ango. longicollis occurs at 451.00 m) occurs within an interval recognised as centrifugus- 
or murchisoni- graptolite Biozone herein. 
The true base of the riccartonensis graptolite Biozone is probably at a level within the 0.60 
m interval between the sample at 447.20 m (= first appearance of M. riccartonensis) and 
the preceding sample (at 447.80 m) and correlates to within chitinozoan Interzone IV. The 
succeeding mamilla chitinozoan Biozone has a base at 437.75 m. 
12 chitinozoan taxa have their last occurrence between 451.00 m and 456.00 m (within the 
upper part of the margaritana chitinozoan Biozone), and are considered to constitute the 
main part of the Ireviken Event (Nestor et al. 2002) in the Ruhnu (500) core. 23 
chitinozoan taxa in total become extinct within the Tõlla Member of the Riga Formation 
(see Põldvere 2003, appendix 14, sheet 3). A chain of 4 vesicles assigned to Cing 
bouniensis was illustrated from the upper part of the margaritana chitinozoan Biozone by 
Nestor (2005, sample ‘GIT 427-35’, 451.10 m, Janni Stage, pl. 3, fig. 13, assigned herein 
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to the centrifugus or murchisoni graptolite biozone) and recognised during a reappraisal 
of the chitinozoan assemblages from around the LlandoveryWenlock boundary of the 
Ruhnu core.  
 
4.7.4. AIZPUTE-41 BOREHOLE, LATVIA; LOYDELL ET AL. (2003). 
 
Loydell et al. (2003) presented integrated graptolite, conodont and chitinozoan 
biostratigraphical data from the Rhuddanian to lower Sheinwoodian strata from the 
Aizpute-41 core, Latvia. Correlation for the three groups was achieved from the cyphus 
graptolite Biozone to the lowermost riccartonensis graptolite Biozone with the exception 
of an interval from the upper Aeronian–lower Telychian where a paucity of both graptolite 
and chitinozoan data was recorded from the lapworthi to approximately lower murchisoni 
graptolite biozones. The strata at Aizpute-41 were deposited further offshore than that of 
Ohesaare and the succession is more complete, most notably in the Aeronian (Loydell et 
al. 2003). There is an indistinct lithological change between the Velise Formation, 
Llandovery, and Riga Formation, Wenlock, which does not occur directly at the 
Llandovery–Wenlock boundary (Loydell et al. 2003, figs 2, 12). 
A robust Cyrtograptus, either centrifugus or murchisoni, occurs at 932.82 m (sample 
‘DL105’, depth from unpublished data: pers. comm. David Loydell 2015) with confirmed 
Cyrt. murchisoni appearing 0.39 m above this (sample ‘DL106’). The murchisoni 
graptolite Biozone is recognised for over 15 m and succeeded by the firmus graptolite 
Biozone with the first M. firmus occurring at 912.50 m (sample ‘DL122’) (depth from 
unpublished data: pers. comm. David Loydell 2015). No samples were analysed for 
graptolites from the 914.01 m to 912.95 m interval within which the murchisoni/firmus 
graptolite biozone boundary in this core must lie. The uppermost 0.89 m of core is 
assigned to the lowermost riccartonensis graptolite Biozone (Loydell et al. 2003). 
The margaritana chitinozoan Biozone and a succeeding Interzone IV are recognised from 
the lower Wenlock. Correlation was provided from the chitinozoan, graptolite and 
conodont biozonation schemes presented alongside a stratigraphical range chart for the 
chitinozoans (Loydell et al. 2003, fig. 15) and graptolites, and their relation to the 
chitinozoan biozonation scheme (key taxa were illustrated within the paper).  
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An unconformity or very condensed section is interpreted below the first occurrence of M. 
margaritana from the lapworthi to the centrifugus graptolite biozones. The margaritana 
chitinozoan Biozone first occurs in sample ‘C01-31’ in murchisoni graptolite Biozone 
(Loydell et al. 2003). The succeeding Interzone IV was recognised from the disappearance 
of Angochitina longicollis and associated with a decline in chitinozoan assemblage 
diversity at 912.45–912.55 m (sample ‘C00-15’). The lowest sample in Interzone IV 
occurs at level correlating approximately with the first M. firmus specimen found at 912.50 
m but it is important to recognise that from samples above 914.01 m (= upper murchisoni 
graptolite Biozone) until 912.95 m there are no graptolite data, so the first appearance of 
M. firmus could be lower in the core. Consequently it is problematic to determine how 
precisely the base of Interzone IV correlates with the base of firmus graptolite Biozone. 
Loydell et al. (2003, p. 225) stated that ‘the occurrence of Cingulochitina bouniensis in the 
uppermost murchisoni graptolite Biozone agrees well with the first appearance of this 
taxon in the River Banwy’. However, the first and only occurrence of Cing. bouniensis 
(sample ‘C97-58’, 912.85–912.95 m) was recorded from within an interval within which 
must lie the murchisoni–firmus graptolite biozonal boundary in this core. Consequently, 
Cing. bouniensis occurs in strata assigned to murchisoni graptolite Biozone or possibly 
firmus graptolite Biozone (Loydell et al. 2003, fig. 12 and pers. comm. David Loydell 
2014). A discrete bouniensis chitinozoan Biozone was not recognised by Loydell et al. 
(2003) in the Aizpute-41 core. Cing. bouniensis material from the core is not figured. 
Loydell et al. (2003) considered that chitinozoan Interzone IV is the equivalent to the bella 
chitinozoan Biozone recognised in the Banwy River section, where Ango. longicollis 
persists into the riccartonensis graptolite Biozone. Salopochitina bella, index taxon for the 
bella chitinozoan Biozone, is not encountered within the Aizpute-41 core so direct 
stratigraphical correlation between Interzone IV and the bella chitinozoan Biozone is not 
possible within this core. 
 
4.7.5. KOLKA-54 BOREHOLE, LATVIA; LOYDELL ET AL. (2010). 
 
Loydell et al. (2010) provided an integrated study of the graptolite, conodont and 
chitinozoan biozones from the Llandovery and through to top Wenlock series of the Kolka-
54 core, northwest Latvia. The lower Silurian strata of the Kolka-54 core were deposited in 
  
66 
 
the deep-water transitional facies belt (Nestor and Einasto 1997). Loydell et al. (2010, figs 
12–15) illustrated most of the chitinozoan taxa identified with scanning electron 
micrographs, and provided chitinozoan stratigraphical ranges in relation to the chitinozoan 
biozones and interval zones of Nestor (1994; Loydell et al. 2010, figs 10–11). Graptolites 
were treated in a similar manner, with illustrations of key taxa provided. Three graptolite 
biozones are recognised from the early Wenlock of the Kolka-54 core.  
A gap of approximately 8.2 m succeeds identified lower lapworthi graptolite Biozone 
(from a sample at 575.00–575.30 m) with stratigraphically long-ranging graptolite taxa and 
no graptolites indicative of a specific biozone over this interval. A fragment of 
Cyrtograptus, either Cyrt. centrifugus or Cyrt. murchisoni, occurs at 567.10 m and is 
indicative of the base of the Wenlock at a level correlating to either centrifugus- or 
murchisoni- graptolite biozone. Confirmed Cyrt. murchisoni appears at 562.10 m. 
However, Loydell et al. (2010) assigned the base of the murchisoni graptolite Biozone to a 
lower level from a sample at 566.60 m (this depth was recorded as ‘566.40–566.70 m’ by 
Loydell et al. 2010, fig. 5), with the occurrence of Mediograptus vittatus (Štorch), a taxon 
recorded exclusively in the murchisoni graptolite Biozone in Bohemia (Štorch 1994b). 
Loydell et al. (2010, p. 257 and fig. 5) stated ‘the lowest sample attributable to the firmus 
Biozone is at 560.0 m’ which is recognised from the appearance at this level of 
‘Monograptus firmus or riccartonensis’, Mediograptus flexuosus, and Mediograptus 
praedubious. Hence, no range was provided for specimens of confirmed M. firmus. The 
riccartonensis graptolite Biozone is indicated by the appearance of Monograptus 
riccartonensis in samples 556.90 m and in 556.20 m. 
Loydell et al. (2010) considered the chitinozoan assemblages from the lower Silurian of 
the Kolka-54 core to be similar to those of the Ohesaare (Nestor 1994) and Ruhnu (500) 
cores (Nestor in Põldvere 2003). Loydell et al. (2010, p. 270) reported the first appearance 
of M. margaritana in the Kolka-54 core above the base of the Wenlock. The first 
occurrence of M. margaritana at 566.40–566.70 m (Loydell et al. 2010, fig. 10) correlates 
to the first occurrence of Mediograptus vittatus (566.60 m) from which the base of the 
murchisoni graptolite biozone is assigned (Loydell et al. 2010).  
Loydell et al. (2010, p. 277) stated that the base of Interzone IV ‘correlates approximately 
with the base of the firmus Biozone in the Kolka-54 core, as it does also in the Ohesaare 
and Aizpute-41 cores (Loydell et al. 2003, p. 225) and Ruhnu core (Põldvere 2003)’. The 
first sample attributable to Interzone IV occurs at ‘563.0–563.30 m’ approximately three 
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metres below the onset of the firmus graptolite Biozone. This interzone ranges into the 
lower riccartonensis graptolite Biozone where it is succeeded by the mamilla chitinozoan 
Biozone at 552.30–552.60 m which persists into the ‘middle Wenlock’. 
Conochitina acuminata and Conochitina flamma disappear at the same level as the last 
occurrence of Angochitina longicollis Eisenack, within uppermost margaritana graptolite 
Biozone, with the succeeding sample recognised as the base of Interzone IV from the 
disappearance of Ango. longicollis (Nestor 1994, Loydell et al. 2010). Within the Interzone 
IV interval the gradual disappearance of 11 species occurs in the Kolka-54 core (Loydell et 
al. 2010).  
Neither Salopochitina bella Swire or Cingulochitina bouniensis Verniers, the local index 
taxa for the lower Sheinwoodian chitinozoan biozones in Wales and the Welsh Borderland 
(sensu Mullins and Loydell 2001), are recognised from the Kolka-54 core. Loydell et al. 
(2010, p. 278) concluded that ‘the correlations between the chitinozoan and graptolite 
biozonations within the Kolka-54 core … are generally in agreement with those 
demonstrated previously in the East Baltic and, for the Wenlock, [and] the ‘global 
Chitinozoa biozonation’ of Verniers et al. (1995).’  
 
4.7.6. BRIEF COMMENTS ON ‘CHITINOZOANS OF THE MARGACHITINA 
MARGARITANA BIOZONE AND THE LLANDOVERY–WENLOCK BOUNDARY IN 
WEST ESTONIAN DRILL CORES’; NESTOR (2005). 
 
The succession of chitinozoan taxa from the uppermost Llandovery and lowermost 
Wenlock from four cores from West Estonian: the Viki, Ohesaare, Kaugatuma, and Ruhnu 
(500) cores, are described by Nestor (2005) and correlated with the global stratotype 
section (GSSP) of the base of the Wenlock at the Hughley Brook section, Shropshire. The 
succession of some of the chitinozoan taxa presented from the Ruhnu (500) core by Nestor 
(2005, fig. 5) has been revised from earlier studies (Nestor in Põldvere 2003) (i.e. changes 
to presence/absence data or stratigraphical ranges of some chitinozoan taxa). 
Mullins and Aldridge’s (2004) investigation of the diverse and abundant chitinozoans at 
the GSSP at the Hughley Brook section stimulated reassessment of Baltic chitinozoan data 
from the appropriate interval (chiefly margaritana chitinozoan Biozone) from the cores 
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with the aim of identifying possibilities for more precise correlation with the GSSP in the 
Baltic region. 16 of the 35 species (including different forma) distinguished at the Hughley 
Brook section by Mullins and Aldridge (2004) were identified in the boundary beds of the 
West Estonian core sections (Nestor 2005). 
The stratigraphical ranges of the chitinozoans occurring over the interval studied are 
illustrated from the cores (Nestor 2005, figs 2–5) and show a characteristic succession of 
biozones: longicollis, proboscifera, acuminata, and margaritana chitinozoan biozones. 
The banwyensis chitinozoan Biozone of Mullins (2000) is assigned to the Ohesaare core, 
preceding the margaritana chitinozoan Biozone (Nestor 2005, fig. 4). Additionally, within 
the margaritana chitinozoan Biozone some levels of the chitinozoan extinction ‘datums’ of 
the Ireviken Event are recognised by Nestor (2005). 
Very few specimens of Cingulochitina bouniensis Verniers are reported from the upper 
part of the murchisoni graptolite Biozone in both the Aizpute-41 (Loydell et al. 2003, 
Nestor 2005) and Ruhnu (500) cores (this species was first assigned to the latter core in 
Nestor 2005). Nestor (2005) did not consider this taxon to be significant for identifying the 
Llandovery–Wenlock boundary within the East Baltic. Neither Pterochitina hughleyensis 
Mullins and Aldridge, a potentially significant taxon for identifying the Llandovery–
Wenlock boundary, nor Salopochitina bella Swire, a local biozonal index taxon for the 
lower Sheinwoodian in the Welsh Basin and Borderlands, are observed in the Baltic region 
(Nestor 2005). 
 
4.7.7. BRIEF COMMENTS ON ‘A SUMMARY AND REVISION OF THE EAST 
BALTIC SILURIAN CHITINOZOAN BIOZONATION’; NESTOR (2012). 
 
Nestor (2012) summarised and updated all existing biostratigraphical data on the East 
Baltic Silurian chitinozoans from the study of 9 East Baltic drill cores, 28 regional 
chitinozoan zonal units, including 26 biozones and 2 interzones. The succession of Lower 
Silurian biozones that was formally described for the Ohesaare core (Nestor 1994) was 
amended in light of new data from subsequent studies to produce a more precise 
correlation of chitinozoan and graptolite biozones (e.g. Loydell et al. 2003, 2010). The 
ranges of the stratigraphically most significant chitinozoan species from the Silurian of the 
East Baltic region, and correlation of the global (Verniers et al. 1995) and regional 
  
69 
 
chitinozoan biozones, as well as with the regional stratigraphical units of Estonia, Latvia 
and the Kaliningrad district, were provided by Nestor (2012, fig. 2). 
Nestor (2012) did not attempt to increase the stratigraphical resolution of the biozonation 
scheme (e.g. by use of subzones) but instead focused on determining the most appropriate 
taxa for marking the biozonal boundaries over a wider geographical area and across facies 
belts. To do this Nestor (2012) used data from several cores; Kaugatuma, Ruhnu, 
Ohesaare, Kolka-54, Ventspils D-3, Aizpute-41, Pavilosta, Northern Gusevskaya 1 
(Gussev-1, Llandovery–Wenlock), and Dubovskoye (Northern Gusevskaya 2, Ludlow–
Přídolí).  
Nestor (2012) summarised the previous biostratigraphical study of the East Baltic Silurian 
chitinozoans and briefly described the biozones and interzones. The chitinozoan 
biozonation chart for the Baltic region was amended in comparison with earlier 
publications (Nestor 1990, 1994) with some new biozone names, some subdivisions 
abolished and some replaced (Nestor 2012, fig. 3). However, the chitinozoan biozonation 
scheme remained essentially unchanged for the lower Sheinwoodian of the Baltic region 
where the margaritana chitinozoan Biozone (which has a base within the upper 
Llandovery therein, see Nestor 2005) is succeeded by Interzone IV sensu Nestor (1994).  
The apparently diachronous first appearance level of Margachitina margaritana 
(Eisenack) remains problematic and is considered probably controlled by environmental 
factors (Loydell and Nestor 2005, Nestor 2012). In the Banwy River section, M. 
margaritana first occurs coincident with the insectus graptolite Biozone, the upper 
Telychian (Loydell and Cave 1996, Mullins 2000, Mullins and Loydell 2001). Where 
uppermost Telychian graptolite biozones are missing in East Baltic cores, the first 
occurrence of M. margaritana generally corresponds to the murchisoni graptolite Biozone 
(e.g. Loydell et al. 2003, 2010). However, within the Ventspils D-3 core, both M. 
margaritana and M. banwyensis first appear within the upper spiralis graptolite Biozone, 
Telychian (Loydell and Nestor 2005). 
Nestor (2012, p. 250) cites the formal description of Interzone IV (Nestor 1994) in the East 
Baltic as occurring ‘from the disappearance of Angochitina longicollis to the abundant 
appearance of Conochitina claviformis Eisenack and Conochitina mamilla Laufeld and 
coincidental disappearance of Conochitina proboscifera’. 
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4.8. GOTLAND, SWEDEN (BALTICA); LAUFELD (1974), GRAHN (1995), 
NESTOR ET AL. (2002), LOYDELL AND JEPPSSON (2006).  
 
Exceptionally preserved Silurian chitinozoans have been extensively studied from Gotland, 
an island 90 km east of the Swedish mainland (e.g. Laufeld 1974). Chitinozoans from 
lower Sheinwoodian strata are from the upper part of the Lower Visby Formation and 
Upper Visby Formation (‘Formation’ = ‘Beds’ of some authors, see review in Calner et al. 
2004) (see fig. 7.8 herein). The type area for the Ireviken Event occurs on Gotland and the 
Silurian strata on the island have been the subject to extensive, multidisciplinary 
investigations (see reviews in Munnecke et al. 2003, Calner et al. 2004). The Ireviken 
event was initially recognised from step-wise extinctions in the conodont fauna, faunal 
changes were recorded at eleven different datum points from the upper Llandovery to 
lower Wenlock that were assigned numerical designations (Jeppsson 1997b, 1998.) Large 
scale changes within the palaeoclimatic-palaeooceanic systems, with subsequent adaptions 
to the model, were proposed to explain to order and timing of the extinctions in various 
fauna (e.g. see references in Munnecke et al. 2003) and these are discussed in subsequent 
chapters. The stratigraphy of Gotland is presented with biostratigraphical correlation and 
the datum levels (fig 7.8 herein). 
As part of an extensive study of the Silurian chitinozoans of Gotland, Laufeld (1974) 
documented and illustrated the chitinozoan occurrences from the Lower Visby Formation 
(Buske 1, Gustavsvik 2, Ireviken 1, Ireviken 3, and Nyhamn 1 sections) and the Upper 
Visby Formation (Buske 1, Gnisvard 1, Haftingsklint 1, Halls Huk 1, Ireviken 3, Korpklint 
1, Snackgardsbaden 1, and Ygne 2 sections). Laufeld (1974, figs 77–78) provided the 
occurrence data and stratigraphical ranges for chitinozoan taxa from the Silurian sections 
studied in Gotland.  
Laufeld (1974, see fig. 78, p. 128) did not propose a formal chitinozoan biozonation 
scheme for the Silurian of Gotland but established local stratigraphical range zones for the 
different species. All six chitinozoan species recorded from the Lower Visby Formation 
have a stratigraphical range that extends from Lower Visby Formation to Upper Visby 
Formation with no chitinozoan taxon restricted exclusively to the upper part of the Lower 
Visby Formation (Laufeld 1974, fig. 78). The Upper Visby Formation is not characterised 
by chitinozoan taxa with confined stratigraphical ranges but considered to be characterised 
by the concurrent stratigraphical ranges of Conochitina acuminata Eisenack, Conochitina 
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visbyensis Laufeld, Conochitina proboscifera Forma gracilis Laufeld, Conochitina 
proboscifera Forma truncata Laufeld, and Desmochitina opaca Laufeld. The local 
margaritana chitinozoan Biozone and mamilla chitinozoan Biozone assigned to lower 
Sheinwoodian strata of the Builth Wells district (Verniers 1999) can be recognised from 
the chitinozoan assemblages on Gotland reported by Laufeld (1974).  
Grahn (1995) studied the chitinozoan assemblages from the Llandovery to earliest 
Wenlock of sub-surface Gotland. 245 samples from 3 boreholes (File Haidarborrningen 1, 
Rosendalborrningen 1, and Näborrningen 1) allowed the determination of 25 species from 
10 genera (including 8 species retained in open nomenclature). The stratigraphical 
occurrences of chitinozoans in the boreholes is presented (Grahn 1995, figs 2–4) with the 
unpublished graptolite biozone data of Hermann Jaeger (pers. comm. 1987, 1981 therein). 
Wenlockian strata is recognised from the Näborrningen 1 core (fig. 3 therein) but no 
specific graptolite biozone(s) is/are recognised for the lower Sheinwoodian within this 
core. Margachitina margaritana (Eisenack) is reported from the cores as not older than 
spiralis graptolite Biozone and this taxon is reported from levels between spiralis 
graptolite Biozone and ‘Wenlock’. 
The chitinozoans assemblages from the Lower Visby Formation and Upper Visby 
Formation of the cliff section at Ireviken 3 were appraised by Nestor et al. (2002) with data 
included from Laufeld (1974, p. 24). The aim of the study was to examine the effect that 
the Ireviken Event had upon chitinozoans in the ‘type area’ for the event (Nestor et al. 
2002). Based on the data from integrated chitinozoan, graptolite, and conodont biozonation 
schemes for the Baltic (Ohesaare core, Loydell et al. 1998; Aizpute-41 core, Loydell et al. 
2003), Nestor et al. (2002) considered the lithological succession at Ireviken 3 to reflect 
the global sea-level changes recognised from the early Sheinwoodian (Loydell et al. 1998) 
in relation to the murchisoni, firmus, and riccartonensis graptolite biozones (although it 
should be noted that these graptolite biozones cannot be recognised directly from the 
section). 
Nestor et al. (2002) considered that local changes observed within the Ireviken 3 section 
show that there was a great variation in the pattern of occurrence of individual species in 
comparison with the stratigraphical ranges of chitinozoan taxa from the East Baltic (Nestor 
1994). Nestor et al. (2002, fig. 1) assigned ten chitinozoan event levels based on the 
appearance and disappearances of chitinozoan taxa, only two of which are considered 
basin wide events that allow correlation with Estonian and Latvian sequences: ‘level 1’ 
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potentially correlates with the base of the margaritana chitinozoan Biozone and ‘level 8’ 
approximately with the base of Interzone IV (with the disappearance of Angochitina 
longicollis). Within the Baltic Ohesaare core (Nestor 1994, Loydell et al. 1998) and the 
Aizpute-41 core (Loydell et al. 2003), the base of Interzone IV correlates approximately 
with the base of the firmus graptolite Biozone. In the Welsh basin, Ango. longicollis 
persisted until, at least, lower riccartonensis graptolite Biozone (Verniers 1999, Mullins 
and Loydell 2001). 
Nestor et al. (2002) recognised an overall pattern of diversity decline in chitinozoan taxa at 
the Ireviken 3 section that contrasted with Laufeld’s (1974, p. 24) data which showed 
stable diversity in chitinozoans (5 or 6 taxa per sample) throughout both Lower and Upper 
Visby formations. Nestor et al. (2002, p. 223) found ‘significant changes’ in both 
chitinozoan and conodont assemblages in the section at similar levels in some parts of the 
section. Additionally, 6 chitinozoan taxa are reported (Nestor et al. 2002) to have their last 
occurrence in the Ireviken 3 section between chitinozoan event levels ‘6’ and ‘8’ at a level 
close to ‘conodont datum 6’ which, in Estonia and Latvia, is close to the bases of firmus 
and early riccartonensis graptolite zones (in Ohesaare core and Aizpute-41 core 
respectively; Loydell et al. 1998, 2003). 
The relative dating of the strata at the Llandovery–Wenlock boundary (upper part of the 
Lower Visby Beds) is constrained by conodont biostratigraphy on Gotland. Loydell and 
Jeppsson (2006) reported only one biostratigraphically diagnostic graptolite from the 
Upper Visby Formation (9.28–9.33 m above the Lusklint Bentonite, low in unit ‘c’ of the 
Upper Visby Formation at Ireviken 3, approximately 3 m above Ireviken Event Datum 6), 
a specimen of Cyrtograptus bohemicus Bouček, which ranges from murchisoni graptolite 
Biozone to riccartonensis graptolite Biozone (Štorch 1994a, 1994b). The preservation of 
graptolite species was considered to be mostly good albeit generally fragmentary (Loydell 
and Jeppsson 2006). Graptolite stratigraphy at the section is hampered, partially by the low 
number of graptolites in the Lower and Upper Visby formations of north-west Gotland, but 
also but the absence of stratigraphically significant taxa (Loydell and Jeppsson 2006).  
 
4.9. MAINLAND SWEDEN (BALTICA); GRAHN (1998).  
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Grahn (1998) investigated chitinozoan assemblages from the lower Silurian of mainland 
Sweden (Skåne, Västergötland, Östergötland, and Dalarna) with 403 samples from 
Llandovery and lower Wenlock strata. 56,000 chitinozoans were assigned to 23 species 
and 12 genera (including 4 species retained in open nomenclature). Chitinozoan 
assemblages were reported as less diverse than those recognised for Gotland (Laufeld 
1974, Grahn 1995), and Estonia and northern Latvia (Nestor 1994). 
Grahn (1998, figs 2–14) assigned 8 chitinozoan biozones, and subzones, for the 
Llandovery and early Wenlock within the context of graptolite biozones. Correlation was 
achieved within the Baltic region using the chitinozoan biozonation scheme defined by 
Nestor (1994).  
Grahn (1998, p. 279–280) assigned an ‘Angochitina longicollis Zone’ from the upper 
Llandovery to the lower Wenlock (turriculatus–murchisoni graptolite biozones). A 
‘Ramochitina nestorae Subzone’ was assigned within this zone as correlated to the total 
stratigraphical range of the eponymous taxon. This subzone is considered to terminate at 
the top of the centrifugus graptolite Biozone (Grahn 1998).  
The correlation of the stratigraphical ranges of chitinozoans for mainland Sweden and 
Gotland suggests that the Lower Visby Formation and Upper Visby Formation of Gotland 
correlate with the upper part of the Angochitina longicollis Zone of Grahn (1998). The 
base of the ‘Ramochitina nestorae Subzone’ of Grahn (1998) is presented as correlating 
with the base of the Lower Visby Formation and this subzone extends until the lower part 
of the Upper Visby Formation (Grahn 1998, fig. 15).  
Grahn (1998, figs 2–14) did not assign precise graptolite biozone(s) for the lower Wenlock 
of Sweden. The biostratigraphical data provided for graptolites by Grahn (1998) is of low 
stratigraphical resolution for the early Sheinwoodian. Margachitina margaritana 
(Eisenack) is reported as first appearing in strata assigned to ‘early Wenlock?’ and no 
precise graptolite biozone (Nederberga 1) (Grahn 1998, figs 5, 7). Consequently, it is 
unclear how Grahn (1998) correlated the chitinozoan biostratigraphical scheme devised for 
the early Sheinwoodian of Sweden to graptolite biozones from the data provided therein 
(Grahn 1998).  
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CHAPTER 5: SYSTEMATIC CHITINOZOAN 
PALAEONTOLOGY. 
 
5.1. COMMENTS ON THE APPROACH TO THE SYSTEMATIC 
PALAEONTOLOGY ADOPTED HEREIN. 
 
In this chapter the systematic palaeontology of the chitinozoans is discussed. The acritarch 
assemblages will be treated elsewhere within this thesis (chapter 7). For authorship of 
species see appendix 10. The stratigraphical occurrences of the taxa discussed below at 
Buttington Brick Pit are presented in a subsequent chapter (chapter 6, fig. 6.3; see also fig. 
6.4). 
The graptolite biostratigraphical data in the ‘Material’ subsections provided for each taxon 
are from Loydell et al. (2014).  
The suprageneric and generic classification of the chitinozoans retained in open 
nomenclature are assigned based upon Paris et al. (1999, fig. 11). The glossary of terms 
that describe structures and outlines pertaining to chitinozoan morphology was provided by 
Paris et al. (1999), and adhered to where possible. The open nomenclature and the 
construction of synonymy lists adheres to the guidelines discussed in Matthews (1973). 
The abbreviation of measurements applied to chitinozoan vesicles is as follows: L = 
maximum length of the vesicle (unless otherwise stated); D = maximum diameter of 
vesicle; da = diameter of aperture; cl = length of chamber; pl = processess length. 
Percentages of vesicle length, where stated, refer to a percentage of the distance from the 
apex towards the aperture along the antiapertural pole. Herein, ‘antiapical’ = ‘apertural’ of 
some authors and ‘apical’ = ‘antiapertural’ of some authors. No coeffiecent of correction 
factor (sensu Paris et al. 1999, p. 552) has been applied to the measurements provided for 
chitinozoan vesicles or for features of the vesicle herein. 
Only a selection of chitinozoan taxa are described within this chapter. Taxa are described 
herein for one or more of the following reasons. Firstly, ‘new’ taxa, i.e. specimens that 
cannot be assigned to an established species, are described under open nomenclature. Taxa 
treated as such include poorly preserved specimens and it is accepted herein that such 
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specimens may be more correctly assigned to previously established chitinozoan species 
were they better preserved (e.g. if they possessed more complete vesicles). Generally, 
poorly preserved chitinozoan specimens are assigned only to generic level or to 
‘chitinozoan, genera indeterminate, species indeterminate’. Secondly, chitinozoan taxa are 
described in situations where there is ambiguity within the original description that hinders 
consistent identification amongst chitinozoan workers (i.e. there is a need for clarification 
to ensure consistent identification and accurate comparison of taxa). Thirdly, chitinozoan 
taxa are described where expansion of the original/emended description is appropriate (e.g. 
see description of Pterochitina hughleyensis herein). 
 
5.2. PRESERVATION OF MATERIAL. 
 
The majority of chitinozoans are preserved as flattened, fairly 2-D forms. Specimens 
assigned to process-bearing genera, e.g. Ancyrochitina and Salopochitina, possess 
processes on the basal margin that are frequently broken. Fine ornament present in some 
genera, e.g. Eisenackitina, may be absent due to abrasion. This may hinder correct 
identification of specimens at generic level (discussed in more detail below). 
Pyrite growth within the sediments and/or the chitinozoan vesicles themselves has 
damaged many specimens to varying degrees throughout the section.  
The fragmentary nature of many specimens assigned to Conochitina sp. means that many 
of these specimens can only be identified to generic level, and thus ‘forma’ are not 
considered herein (e.g. Cono. proboscifera sensu Laufeld 1974 and Cono. proboscifera 
sensu Mullins and Aldridge 2004). 
The taxa retained in open nomenclature herein are all known from low numbers of 
specimens, in many cases a single specimen. This may be due to the poor preservation of 
many chitinozoans within the section, particularly Ancyrochitininae and Conochitina (see 
discussion regarding preservation in chapter 3, section 3.2), resulting in the removal of 
diagnostic characters. Consequently, a full understanding of the abundances and 
stratigraphical ranges of chitinozoan taxa in open nomenclature cannot be determined with 
certainty from Buttington Brick Pit. 
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5.3. DIVERSITY AND ABUNDANCE. 
 
Genus and species diversity appears to decrease in the upper part of the section (see 
Margalef Diversity Index in chapter 3, fig. 3.1) as does absolute abundance (provided in 
appendix 8), possibly due to the poor preservation of specimens and/or the approach to 
picking at higher levels in the section (see discussion in chapter 3). 17 genera are 
recognised herein (including 1 tentatively assigned). Considerable intraspecific diversity is 
recognised for Salopochitina bella Swire.  
 
5.4. COMMENTS ON SELECTED TAXA. 
 
Some specimens assigned to Cingulochitina bouniensis Verniers herein appear to have a 
tubular, membranous expansion surrounding the apex (i.e. a copula) (pl. 4, figs 3, 6, 8, 10). 
However, this feature appears to be poorly attached in some specimens (pl. 4, figs 6, 8). In 
consideration of the chain-forming habit of Cing. bouniensis, it is probable that this 
structure is part (?operculum) of a specimen, now unattached, that succeeded the figured 
specimen in a chain. 
 
Group CHITINOZOA Eisenack, 1931 
Order OPERCULATIFERA Eisenack, 1931 
Family DESMOCHITINIDAE (Eisenack, 1931) Paris, 1981 
Subfamily DESMOCHITININAE Paris, 1981 
Genus CALPICHITINA Paris, 1981 
Type species. Calpichitina scabiosa Wilson and Hedlund, 1964, p. 164, pl. 1, fig. 1. 
Calpichitina sp. 1 
Figured material. 
Pl. 1, fig. 4. 
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Synonymy. 
Not currently applicable. 
Material. 
Single specimen assigned from sample +1.80–+1.85 m; upper part of the firmus graptolite 
Biozone; bella chitinozoan Biozone. 
Description. 
Elongate, sub-triangular vesicle tapers away from the aperture towards the base of the 
vesicle. The flanks are more or less straight and the maximum diameter of the vesicle is at 
the wide aperture. An ‘antiapertural concave inflection’ (see Mullins 2000), considered to 
represent the start of peduncle formation, is not observed. An incomplete, narrow conical 
structure, probably a broken operculum, widens apically. The vesicle surface is glabrous. 
Observed as a solitary specimen. 
Dimensions. 
L, 154 μm; D, 123 μm; da, 123 μm; cl, 121 μm [one specimen]. 
Remarks/discussion. 
This taxon is assigned to the genus Calpichitina from the absence of a neck, the glabrous 
vesicle surface, and lenticular, albeit tapering, chamber shape. This taxon remains in open 
nomenclature as only one specimen is observed. 
Calpichitina acollaris (Eisenack) lacks a collarette but differs from Calpichitina sp. 1 in 
possessing a lenticular vesicle shape. Forms of Calpichitina densa (Eisenack) with a sub-
spherical or discoid vesicle outline that tapers apically to a circular operculum (see Mullins 
2000, pl. 1, fig. 2) have a similar outline to Calpichitina sp. 1. Calp. densa differs from 
Calpichitina sp. 1 in having the maximum vesicle diameter occurring approximately fifty 
percent along the vesicle chamber (see Laufeld 1974, fig. 39C) and in possessing a short, 
cylindrical collarette. The operculum of Calp. densa appears to be wider and flatter than 
the narrower probable operculum of Calpichitina sp. 1 and this is reflected in the angle 
between the vesicle chamber and the operculum (fig. 5.1). However, the probable 
operculum of Calpichitina sp. 1 is incomplete so this angle may be uncertain and the 
obtuse angle between this feature and the vesicle chamber is not considered diagnostic 
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herein. The lack of a collarette suggests that Calpichitina sp. 1 is not a teratological form 
of Cal. densa. 
Margachitina banwyensis Mullins and Margachitina margaritana (Eisenack) both differ 
from Calpichitina sp. 1 in possessing a short peduncle.  
 
 
Fig. 5.1, ‘A’, lateral view of the operculum attached to the base of typical Calp. densa (drawn from 
scanning electron micrograph in Laufeld 1974, fig. 39D). ‘B’, lateral view of the probable operculum 
attached to the base of Calpichitina sp. 1 (pl. 1, fig. 4 herein). Note the obtuse angle between the vesicle 
chamber and the proximal part of the broken probable operculum for Calpichitina sp. 1. 
  
GENUS BURSACHITINA Taugourdeau, 1966 restrict. Paris, 1981 
Type species. Desmochitina bursa Taugourdeau and de Jekhowsky, 1960, p. 1225 
(holotype lost, neotype: Taugourdeau, 1967, p. 259, pl. 1, fig. 3). 
Bursachitina? sp. 1 
Figured material. 
Pl. 1, fig. 11. 
Synonymy. 
Not currently applicable. 
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Material. 
Single flattened and damaged specimen from sample +0.50–+0.55 m; upper murchisoni 
graptolite Biozone; uppermost margaritana chitinozoan Biozone.  
Description. 
Elongated conical vesicle is sub-cylindrical. No flexure or shoulder observed. Above the 
well-rounded basal margin the vesicle tapers gently to the aperture. The features of the 
aperture, and the maximum vesicle length, are uncertain as the oral part of the vesicle is 
damaged. The membranous mucron (maximum length, 12.0 μm; maximum width, 4.6 μm) 
is centred on the slightly convex base. The vesicle surface is smooth.  
Dimensions. 
L (minimum), 184 μm; D, 68 μm; da, 50 μm [one specimen]. Minimum vesicle length is 
provided as maximum vesicle length cannot be determined due to the damaged vesicle. 
Remarks/discussion. 
Bursachitina? sp. 1 is attributed to the genus Bursachitina due to the lack of an obvious 
neck, the glabrous chamber surface, and the shape of the vesicle. The attribution to this 
genus is tentative due to incomplete nature of the vesicle and the uncertainty as to whether 
the vesicle possesses neck, or a prosome or an operculum. This taxon remains in open 
nomenclature as only one, poorly preserved specimen was observed.  
Bursachitina sp. A sensu Mullins and Aldridge (2004) possesses a membranous mucron 
and an indistinct basal margin – Bursachitina? sp. 1, however, does not possess the 
tapering base observed for this taxon. Bursachitina nestorae Mullins and Loydell is 
characterised by a circular mucron formed by a thin wall or membrane but differs from 
Bursachitina? sp. 1 in having a more pronounced conico-ovoid vesicle outline, a less 
slender vesicle, and a more sharply rounded basal margin.  
Cingulochitina augusta Verniers differs from Bursachitina? sp. 1 in possessing a shorter 
vesicle length and a more convex base. Cingulochitina bouniensis Verniers differs from 
Bursachitina? sp. 1 in possessing a slightly conico-ovoid shape, a low mucron, a ridge-like 
carina, and a more convex base.  
Bursachitina? sp. 1 differs from Conochitina flamma Laufeld as it lacks the sharp, ridge-
like carina present on the basal margin of Cono. flamma. Bursachitina? sp. 1 possesses a 
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prominent, membranous mucron similar to that of Conochitina proboscifera Eisenack. 
However, Bursachitina? sp. 1 lacks the characteristic claviform vesicle, with a slight 
flexure, of Cono. proboscifera and possesses a narrower maximum vesicle diameter. Both 
Conochitina tuba Eisenack and Conochitina aff. tuba (Eisenack) (see Mullins and Aldridge 
2004, p. 762) have a more bluntly rounded basal margin and a flatter base than 
Bursachitina? sp. 1.  
 
Bursachitina sp. 2 
Figured material. 
Pl. 2, figs 1–3; specimen assigned questionably in pl. 2, fig. 4. 
Synonymy. 
?2002 Bursachitina sp. 2 Nestor and Nestor, pl. 2, fig. 6. 
?2003 Bursachitina sp. Loydell et al., fig. 16n (only). 
Material. 
First occurrence in sample +0.50–+0.55 m; upper murchisoni graptolite Biozone; 
uppermost margaritana chitinozoan Biozone. Recovered in rare abundance from sample 
+7.00–+7.05 m and sample +9.00–+9.05 m; riccartonensis graptolite Biozone; bella 
chitinozoan Biozone.  
Description. 
Conico-ovoid vesicle with convex flanks. No neck is developed and a flexure is generally 
absent. No shoulder developed. The maximum vesicle diameter occurs at approximately 
twenty-five to fifty percent along the vesicle. From the widest part of the flanks, the vesicle 
tapers towards a finely fringed aperture. The basal margin is bluntly- to broadly- rounded 
with a slightly convex base. Apical structures not observed. Vesicle chamber surface is 
smooth. 
Dimensions. 
L, 102–132 μm; D, 72–112 μm; da, 30–68 μm [three specimens]. 
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Remarks/discussion. 
Bursachitina sp. 2 is attributed to the genus Bursachitina due to the lack of an obvious 
neck, the glabrous vesicle surface, and the shape of the vesicle. However, the presence of 
either an operculum or prosome is uncertain. This taxon remains in open nomenclature as 
only three confirmed, poorly preserved specimens are observed. 
Bursachitina conica (Taugourdeau and de Jekhowsky) has a larger vesicle and sharper 
basal margin than Bursachitina sp. 2 (see Mullins and Loydell 2001, pl. 1, figs 1–5, pl. 2, 
figs 9–11 for comparison). The base of Burs. conica may be smooth on rare specimens 
with most individuals possessing a central, circular scar surrounded by a mucron in the 
form of a low, ring-like ridge (Mullins and Loydell 2001). However, a mucron has not 
been observed on Bursachitina sp. 2.  
Bursachitina sp. 2 has a similar outline and dimensions (see Verniers 1999) to forms of 
Eisenackitina causiata Verniers, but differs primarily in possessing a glabrous vesicle 
surface whereas E. causiata processes an ornament of fine spines, granules, or an irregular 
rugose ornamentation (Verniers 1999). E. causiata has forms that have a reduced, or 
entirely lost, surface ornament, the cause of which may be attributed to abrasion (Verniers 
1999). These latter forms may be challenging to distinguish from Bursachitina sp. 2 and 
complicates determination of the true abundance of Bursachitina sp. 2, or how widespread 
this taxon is. 
Bursachitina sp. 2 sensu Nestor and Nestor (2002, pl. 2, fig. 6) has a similar morphology 
and dimensions (L, 108 μm; D, 80 μm; da, 51 μm) to Bursachitina sp. 2. However, the 
relationship between these two taxa is uncertain as Nestor and Nestor (2002) did not 
provide a description of the former taxon or illustrate the base of specimens attributed to 
this taxon. Illustrated material assigned to Bursachitina sp. 2 by Nestor and Nestor (2002, 
pl. 2, fig. 6) is from the Jamaja Formation, Jaagarahu Stage (upper Sheinwoodian, 
Wenlock) of the Staicele core (sample depth, 247.8 m).  
Loydell et al. (2003, fig. 16n) illustrated a specimen assigned to undifferentiated 
Bursachitina sp. from the Aizpute-41 core, Latvia (sample depth, 971.15971.25 m; 
Conochitina alargata chitinozoan Biozone) that possesses a similar morphology to 
Bursachitina sp. 2. This specimen is questionably regarded a junior synonym of 
Bursachitina sp. 2 herein as it has a more elongate vesicle than specimens attributed to 
Bursachitina sp. 2. 
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Bursachitina sp. 3 
Figured material. 
Pl. 2, figs 5–6. 
Synonymy. 
?2001 Bursachitina nestorae Mullins and Loydell, pl. 1, fig. 10 (only). 
?2004 Bursachitina sp. B Mullins and Aldridge, pl. 1, figs 13, 17–18; pl. 8, fig. 6. 
Material. 
Single specimen recovered from sample +1.40–+1.45 m; middle part of the firmus 
graptolite Biozone; upper part of the bouniensis chitinozoan Biozone.  
Description. 
Elongate conical vesicle outline shape with gently convex flanks, a well-rounded basal 
margin and inconspicuous base. No apical structures are present. From the maximum 
vesicle diameter (at approximately twenty-five percent of the way along the vesicle), the 
vesicle tapers very slightly to the aperture. Neither flexure, shoulder, nor neck are 
observed. No collarette is observed, though features pertaining to the aperture are uncertain 
due to some damage on this part of the specimen. The chamber surface is glabrous.  
Dimensions. 
L, 206 μm; D, 106 μm; da (approximate due to damage), 57 μm [one specimen]. 
Remarks/discussion. 
Bursachitina sp. 3 is attributed to the genus Bursachitina due to the lack of an obvious 
neck, the glabrous chamber surface, and the shape of the vesicle. However, the presence of 
either an operculum or prosome is uncertain. This taxon remains in open nomenclature as 
only one specimen was observed. Though based upon only one specimen, the morphology 
and dimensions of Bursachitina sp. 3 herein may place it as an intermediary between two 
published species that have variants considered morphologically identical by Mullins and 
Loydell (2001), and that are differentiated by size (table 5.1, fig. 5.2 herein). 
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Table 5.1, Dimensions of Bursachitina sp. B sensu Mullins and Aldridge (2004) and Bursachitina 
nestorae Mullins and Loydell (2001, pl. 1, fig. 10 only).  
Taxon 
Length 
(μm) 
Diameter 
(μm) 
Dimension data 
Bursachitina sp. B sensu 
Mullins and Aldridge 
(2004). 
272.5349.1 110.0115.1 
Dimension data from three 
specimens provided by 
Mullins and Aldridge 
(2004). 
Bursachitina nestorae 
Mullins and Loydell 
(2001, pl. 1, fig. 10 only). 
143 75 
Dimension data provided 
by Mullins and Aldridge 
(2004). Figured material 
shows two conjoined 
specimens. 
 
Bursachitina nestorae Mullins and Loydell (2001, pl. 1, fig. 10 only) is tentatively 
identified as Bursachitina sp. 3 herein as it lacks the circular mucron formed by a thin wall 
or membrane characteristic to Burs. nestorae sensu stricto therein. The specimen of 
Mullins and Loydell (2001, pl. 1, fig. 10 only) tentatively assigned to Bursachitina sp. 3. 
herein was illustrated as two chain-forming individuals, whereas Bursachitina sp. 3. has 
been observed herein only as a single, solitary specimen. 
Bursachitina sp. B sensu Mullins and Aldridge (2004), tentatively identified as 
Bursachitina sp. 3 herein, possesses a smooth, rounded base and gently convex flanks.  
The occurrence of Bursachitina nestorae Mullins and Loydell (2001, pl. 1, fig. 10 only) 
correlates to a level from possible crenulata graptolite Biozone to lower spiralis graptolite 
Biozone in the Banwy River section, Wales. Bursachitina sp. B sensu Mullins and 
Aldridge (2004) has no graptolite biostratigraphical control and occurs from middle 
bouniensis chitinozoan Biozone to bella chitinozoan Biozone in the Hughley Brook 
section, Wales. 
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Fig. 5.2, Variation in vesicle length and diameter for Bursachitina sp. B sensu Mullins and Aldridge 
(2004) (minimum dimension data, ), Bursachitina nestorae Mullins and Loydell (2001, pl. 1, fig. 10 
only, ), and Bursachitina sp. 3 herein (). Dimension data for Bursachitina nestorae sensu stricto 
from the Banwy River section is included (Mullins and Loydell 2001, text-fig. 2, ). The minimum 
‘length to diameter’ data for Bursachitina sp. B sensu Mullins and Aldridge (2004) approximated using 
the minimum values for both length and diameter reported from the Hughley Brook section (this 
proxy was used as the original data were not available). Graph adapted from Mullins and Loydell 
(2001, text-fig. 2). Note that no coeffiecent of correction factor to account for compression (sensu Paris 
et al. 1999, p. 552) has been applied to the measurement data within the graph. 
 
Any relationship inferred between Bursachitina sp. 3, Bursachitina nestorae Mullins and 
Loydell, pl. 1, fig. 10 (only), and Bursachitina sp. B Mullins and Aldridge (2004), e.g. 
such as determining a morphological lineage, must be treated very cautiously for two 
reasons. Firstly, Bursachitina nestorae Mullins and Loydell (2001, pl. 1, fig. 10 only) 
occurs in a chain structure composed of two vesicles, whereas Burs. nestorae and 
Bursachitina sp. 3 are observed as isolated vesicles (i.e. attachment is uncertain). The 
range of morphological variation within the three taxa needs to be more fully elucidated in 
order to understand the nature of the relationship, if present, between these taxa. 
Unfortunately, morphological data for Bursachitina sp. 3 is currently only available from a 
single specimen at Buttington Brick Pit. Secondly, although the stratigraphical ranges of 
Bursachitina sp. B sensu Mullins and Aldridge (2004) and Bursachitina sp. 3 overlap, 
there is a considerable ‘stratigraphical gap’ between the first occurrence of these taxa and 
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the last occurrence of Burs. nestorae. Although this is not inherently a reason to dismiss 
any relationship as biostratigraphical studies based on graptolites show that there is a 
paucity of strata of an appropriate age (upper Llandovery) globally from which to 
investigate the relationship between the taxa (e.g. the Baltic Basin, Loydell et al. 2009). 
Additionally, Bursachitina sp. B sensu Mullins and Aldridge (2004) was identified from 
the Hughley Brook section, a locality with poor graptolite biostratigraphical control 
(Mullins and Aldridge 2004). Consequently, the stratigraphical occurrences of the 
Bursachitina sp. 3, Bursachitina nestorae Mullins and Loydell, pl. 1, fig. 10 (only), and 
Bursachitina sp. B Mullins and Aldridge (2004) need to be more fully understood than can 
be determined from the stratigraphical data currently available (from the published 
literature; Mullins and Loydell 2001, Mullins and Aldridge, 2004) in order to confirm a 
relationship between these taxa.  
Bursachitina sp. B sensu Loydell et al. (2010. fig. 14m) differs from Bursachitina sp. 3 in 
possessing a small circular basal scar where the vesicle wall is thinned. Bursachitina sp. 3 
has a similar outline and size to Eisenackitina sp. 1 sensu Mullins and Loydell (2001) but 
lacks the faintly granulate vesicle surface ornament of this taxon.  
 
Bursachitina sp. 4 
Figured material. 
Pl. 2, figs 7, 9. 
Synonymy. 
Not currently applicable. 
Material. 
Two specimens from sample +4.00–+4.05 m; riccartonensis graptolite Biozone; bella 
chitinozoan Biozone.  
Description. 
Conico-ovoid vesicle outline with a slight flexure. A gentle shoulder may be developed. 
Forms with both slight flexure and gentle shoulder appear to have a short neck but limit 
between the neck and the vesicle chamber is hard to distinguish. The flanks are convex and 
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with the maximum diameter occurring approximately twenty-five percent to fifty percent 
along vesicle. The vesicle wall thins at a finely fringed aperture with no collarette 
distinguished. The basal margin is broadly rounded to well-rounded and the base is flat to 
slightly concave. Apical structures are not observed from current specimens due to 
specimens preserved as flattened forms. Vesicle surface is glabrous.  
Dimensions. 
L, 107–134 μm; D, 81–97 μm; da, 44–53 μm [two specimens]. 
Remarks/discussion. 
Assigned to the genus Bursachitina due to the lack of true neck differentiation, glabrous 
vesicle chamber, and the conico-ovoid vesicle chamber shape. However, the presence of 
either an operculum or prosome is uncertain. The taxon is retained in open nomenclature 
due to the paucity of specimens. 
Bursachitina sp. 4 has a vesicle outline similar to Bursachitina conica (Taugourdeau and 
de Jekhowsky). However, Bursachitina? sp. 4 has a more rounded basal margin that is less 
conspicuous than the sharply rounded basal margin of Burs. conica (see Mullins and 
Loydell 2001, pl. 1, figs 1–5 for comparison). 
Bursachitina sp. 1 sensu Loydell et al. (2001) possesses straight, tapering flanks which 
differ from the convex flanks observed for Bursachitina sp. 4 herein. Bursachitina sp. B 
sensu Loydell et al. (2010, fig. 14‘m’) has a similar outline to Bursachitina sp. 4, however, 
this taxon has a more rounded base and an apical pit (probably with a small mucron) – a 
feature which has not been observed for Bursachitina sp. 4. Unfortunately, a description is 
not provided for Bursachitina sp. B sensu Loydell et al. (2010) therein. 
Bursachitina sp. 4 shares a conico-ovoid vesicle outline, indistinct flexure, and ‘gentle’ 
basal margin with some forms of Eisenackitina causiata Verniers. E. causiata typically has 
a characteristic ornament composed of fine spines, fine to coarse grana, or verrucae, the 
latter of which may be joined by fine ridges to produce an irregular rugose ornamentation 
(Verniers 1999, Mullins and Loydell 2001). However, the original description of E. 
causiata (in Verniers 1982 as Eisenackitina sp. C.; synonymised as E. causiata by Verniers 
1999) included glabrous forms that Verniers (1999) proposed might be produced by 
abrasion having removed the surface ornament from the vesicle. This poses a problem in 
distinguishing forms of E. causiata with no neck differentiation, a smooth vesicle chamber 
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surface that is probably a secondary feature, and conico-ovoid chamber shape from 
specimens of Bursachitina sp. 4 (possessing no neck differentiation, a primarily glabrous 
vesicle chamber surface, and a conical chamber shape). 
To limit the effect of this issue and to ensure correct and consistent identification of both 
E. causiata and Bursachitina sp. 4, only forms with the ornament outlined above are 
identified as E. causiata in this study. Specimens with much reduced forms of ornament 
are, often questionably, recognised as E. causiata herein. Consequently, although 
Bursachitina? sp. 4 shares a similar outline and features with some forms of E. causiata, it 
is considered discrete herein as it does not have the characteristic ornamentation of this 
taxon. However, it is accepted herein that these forms could be E. causiata with abraded 
vesicles.  
Salopochitina bella Swire possesses similar dimensions and a similar vesicle chamber 
outline to Bursachitina sp. 4 but differs in possessing processes that extend from the basal 
margin. 
 
Bursachitina sp. 5 
Figured material. 
Pl. 2, fig. 8. 
Synonymy. 
Not currently applicable. 
Material. 
One specimen in sample +0.40–+0.45 m; upper murchisoni graptolite Biozone; upper 
margaritana chitinozoan Biozone. 
Description. 
Ovoid vesicle tapers to a rounded basal margin and a, possibly, convex base. The vesicle 
has straight flanks with no flexure and no shoulders. Damage to the base has produced 
what appears to be a ‘carina-like’ structure but is not a carina. Maximum diameter occurs 
at a very wide, straight aperture. The vesicle thins at the aperture and is finely fringed. 
Glabrous vesicle surface. 
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Dimensions. 
L, 174 μm; D, 156 μm; da, 156 μm [one specimen]. 
Remarks/discussion. 
This specimen is assigned to the genus Bursachitina from the lack of true neck 
differentiation, the glabrous vesicle chamber surface, and the conico-ovoid vesicle 
chamber shape. However, the presence of either an operculum or prosome is uncertain. 
This taxon remains in open nomenclature due to poor preservation and a paucity of 
specimens. This specimen initially appeared to be the incomplete basal section of a larger, 
broken specimen (i.e. the aperture appeared to be a ‘rip’). However, the straight, thinned 
aperture is a primary feature of the vesicle. 
Loydell and Nestor (2005, fig. 4h) illustrated a specimen of Bursachitina sp. from the 
Telychian of Ventspils D-3 core, Latvia at the base of longicollis chitinozoan Biozone (at 
827.6 m) and lower–middle spiralis graptolite Biozone. This specimen has a wide aperture 
similar to Bursachitina sp. 5 but differs as the aperture is not the widest diameter of the 
vesicle and the vesicle is more slender.  
 
Bursachitina sp. 6 
Figured material. 
Pl. 2, fig. 10; specimen assigned questionably in pl. 2, fig. 11. 
Synonymy. 
Not currently applicable. 
Material. 
Single specimen recovered from sample +1.50–+1.55 m, middle part of firmus graptolite 
Biozone, lowermost bella chitinozoan Biozone. A specimen assigned questionably to 
Bursachitina sp. 6 is recovered from sample +6.00–+6.05 m, riccartonensis graptolite 
Biozone, bella chitinozoan Biozone.  
  
89 
 
Description. 
Sub-cylindrical vesicle with straight flanks that are very slightly convex just above the 
basal margin, where the maximum diameter of the vesicle occurs, and taper very gently 
towards the aperture. Neither flexure nor shoulders are observed. The vesicle has a well-
rounded basal margin with a flat base. There is a low, wide, ring-like membranous mucron 
(length, 1.6 μm; width, 14.5 μm) that occurs on a low, shallow, slightly protruding mound.  
Dimensions. 
L, 154 μm; D, 71 μm; da, 51 μm [one specimen].  
Remarks/discussion. 
Assigned to the genus Bursachitina on the basis of the lack of neck differentiation, the 
presence of straight and slightly tapering flanks (see Paris et al. 1999), and the glabrous 
vesicle chamber. However, the presence of either an operculum or prosome is uncertain. 
Taxon is retained in open nomenclature due to the paucity of specimens. 
Bursachitina nestorae Mullins and Loydell differs in having a conico-ovoid vesicle outline 
shape with slightly convex flanks and a sharply rounded basal margin. Cingulochitina 
bouniensis Verniers differs from Bursachitina sp. 6 in possessing a conico-ovoid vesicle 
and a short ridge-like carina below a well-rounded basal margin. Conochitina tuba 
Eisenack possesses a basal scar in the centre of a button-like mucron (described in English 
and illustrated by Laufeld 1974) whereas Bursachitina sp. 6 has a low membranous ring-
like mucron centered on a slightly protruding mound on the apex of the vesicle. 
Bursachitina sp. 6 lacks the widened aperture and inconspicuous base of Linochitina 
odiosa Laufeld. Linochitina cf. odiosa (herein) and Bursachitina sp. 6 share a similar 
vesicle outline and dimensions but the latter taxon does not exhibit the distinctive 
concentric rings of ridges that surround the flanks near the basal margin and the base of L. 
cf. odiosa. 
 
Subfamily PTEROCHITININAE Paris, 1981 
Genus PTEROCHITINA Eisenack, 1955 
Type species. Linochitina? ceneratiensis Paris, 1976, p. 107, pl. 23, fig. 1. 
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Pterochitina hughleyensis Mullins and Aldridge, 2004 
Figured material. 
Pl. 3, figs 1–9, 11–12; pl. 13, fig. 19. 
Synonymy. 
2004 Pterochitina hughleyensis Mullins and Aldridge, pl. 4, figs 9–12; pl. 5, figs 1–2. 
Material. 
Occurs in low numbers and inconsistently from sample -0.05–0 m until sample +2.00–
+2.05 m; middle murchisoni–upper part of firmus graptolite biozones; margaritana–bella 
chitinozoan biozones. 
Two joined specimens with a roughened, almost rugose, surface ornament occur in sample 
+1.45–1.50 m; upper part of firmus graptolite Biozone; uppermost bouniensis chitinozoan 
Biozone. 
Description. 
Sub-triangular vesicle tapers towards a conical or flat operculum. A carina (length, ca. 17 
μm) encircles the chamber at the widest part of the vesicle and antiapical of this the vesicle 
tapers slightly to a wide and smooth aperture. The carina may be smooth, have a knobbled 
texture or radial folds. The vesicle may have a roughened, almost rugose, carina and 
vesicle surface (pl. 3, fig. 1). Neither peduncle nor neck are present. May occur in chains. 
Dimensions. 
D, 76–112 μm; da, 41–64 μm [twelve specimens] 
Some measurements were taken in lateral view for specimens in chains, and this is 
considered appropriate as the nature of the features measured (D, da) are broadly spherical. 
However, measurements on specimens that are slightly ellipsoidal may be more accurate 
when taken in apical view. 
Remarks/discussion. 
Specimens of Pterochitina hughleyensis recovered from Buttington Brick Pit have a 
slightly wider range of vesicle maximum diameter that those specimens recorded from the 
Hughley Brook section (Mullins and Aldridge 2004) (fig. 5.3).  
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The plot of maximum vesicle diameter (D) against the maximum aperture diameter (da) 
from specimens of Pter. hughleyensis from Buttington Brick Pit and the Hughley Brook 
section (Mullins and Aldridge 2004) suggests that specimens from Buttington Brick Pit are 
comparatively smaller and have wider apertures (fig. 5.3).  
 
 
Fig. 5.3, Scatter plot of the maximum vesicle diameter (D) against the maximum aperture diameter 
(da) for Pterochitina hughleyensis Mullins and Aldridge at Buttington Brick Pit (six specimens, ) with 
the same data for specimens from the Hughley Brook section replotted from Mullins and Aldridge 
(2004) (seventeen specimens, ). Measurements were taken in antiapical view for specimens from 
Hughley brook sample ‘25/38’ where Pterochitina hughleyensis first appears. Measurements for 
specimens from Buttington Brick Pit where taken from antiapical or lateral view as appropriate. Note 
that no coeffiecent of correction factor to account for compression (sensu Paris et al. 1999, p. 552) has 
been applied to the measurement data within the graph. 
 
Mullins and Aldridge (2004, p. 756) commented that Pter. hughleyensis may potentially be 
mistaken for prasinophyte algae under light transmitted microscopy. This may be the 
reason that only a single specimen assigned to this taxon is recognised from samples 
studied by light transmitted microscopy herein (pl. 13, fig. 19).  
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A previous palynological investigation from the murchisoni graptolite Biozone and the 
margaritana chitinozoan Biozone at Buttington Brick Pit (Mullins and Loydell 2002) did 
not encounter Pter. hughleyensis. This was probably due to a combination of the low 
frequency of this species at Buttington Brick Pit, and that only two samples were studied 
from the Sheinwoodian therein. 
The section at Hughley Brook is the only other locality from which Pter. hughleyensis has 
been recognised. Correlation is hampered at this locality by the fragmentary nature of 
graptolite material in the section, resulting in a lack of good graptolite biostratigraphy. 
Pter. hughleyensis appears to have a shorter stratigraphical range at the Hughley Brook 
section, with its first occurrence within the upper margaritana chitinozoan Biozone and 
last occurrence within the lower part of the bouniensis chitinozoan Biozone (Mullins and 
Aldridge 2004). 
 
Subfamily MARGACHITININAE Paris, 1981 
Genus LINOCHITINA Eisenack, 1968 restrict. Paris, 1981 
Type species. Linochitina erratica Eisenack, 1931 (holotype lost, neotype: Eisenack, 1962, 
p. 307, pl. 17, fig. 1). 
Linochitina cf. odiosa Laufeld, 1974 
Figured material. 
Pl. 5, figs 9–10. 
Synonymy. 
Not currently applicable. 
Material. 
One specimen assigned from sample +0.60–+0.65 m; upper murchisoni graptolite Biozone; 
lower part of the bouniensis chitinozoan Biozone. 
Description. 
Vesicle chamber is sub-cylindrical and lacks a neck, flexure, and shoulders. Straight flanks 
taper towards a straight, finely fringed aperture. The vesicle has a well-rounded basal 
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margin and an inconspicuous base. There is a thin-walled, membranous mucron on the 
centre of the base. There are several irregular, smooth, thickened, ring-like structures that 
surround the vesicle perpendicular to the vesicle axis. It is difficult to delineate the basal 
margin, but the ring-like thickenings appear to extend from just above the basal margin 
onto the base. 
Dimensions. 
L, 125 μm; D, 66 μm; da, 46 μm [one specimen]. 
Remarks/discussion. 
Linochitina cf. odiosa lacks the curved flanks and the widened, flaring aperture 
characteristic of true Linochitina odiosa Laufeld (1974, see fig. 61A). However, L. cf. 
odiosa possesses the well-rounded basal margin and concentrically striated, inconspicuous 
base observed for L. odiosa. Both taxa possess similar apical structures but these features 
are much less developed in L. cf. odiosa. 
 
Subfamily ORBICHITININAE Achab, Asselin and Soufiane, 1993 
Genus SALOPOCHITINA Swire, 1990 
Type species. Salopochitina bella Swire, 1990, p. 109–110, pl. 2, fig. 3.  
Salopochitina bella Swire, 1990 
Figured material. 
Pl. 7, figs 1–10, 13–15; pl. 8, fig. 12; pl. 13, figs 15, 22; specimen assigned questionably in 
pl. 13, fig. 13 
Synonymy. 
?1968 Conochitina filifera Eisenack; Jardiné and Yapaudjian, pl. 6, figs 1–2. 
?1969 ‘Conochitina?’ monterrosae Cramer, pl. 70, figs 15–16; text-figs 2A–C = vesicle 
surface ornament uncertain.  
1990 Salopochitina bella Swire, pl. 1, fig. 4 (only).  
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?1990 Salopochitina bella Swire, pl. 1, figs 5, 7 (only) = ornamented vesicles; pl. 2, figs 1–
3, (only) = uncertain vesicle surface ornament. 
non 1991 ‘Conochitina filifera’ Eisenack; Tekbali and Wood, pl. 19, figs 1–2; pl. 20, fig. 1 
(synonymy with Salopochitina cf. monterrosae proposed by Grahn and de Melo 2003, and 
accepted herein). 
?1999 Salopochitina monterrosae (Cramer); Paris et al, p. 566.  
?1999 Salopochitina bella Swire; Verniers, pl. 1, fig. 11 (= ornamented vesicle). 
2001 Salopochitina bella Swire; Mullins and Loydell, text-fig. 3, specimens ‘u’, ‘v’, ‘w’, 
and ‘x’ (only). 
?2001 Salopochitina bella Swire; Mullins and Loydell, pl. 6, figs 8–9 (only; = ornamented 
vesicles). 
?2003 Salopochitina aff. Salopochitina monterrosae (Cramer); Grahn and de Melo, plate 
VI, fig. 12 (only; = vesicle surface ornament uncertain). 
non 2003 Salopochitina aff. Salopochitina monterrosae (Cramer); Grahn and de Melo, pl. 
VI, figs 14–15 (only). 
?2004 Salopochitina bella Swire; Mullins and Aldridge, pl. 7, fig. 3 (= granulate vesicle 
surface). 
non 2005 Salopochitina aff. Salopochitina monterrosae (Cramer) Grahn and de Melo; 
Grahn, pl. IV, fig. 15 (only). 
non 2005 Salopochitina monterrosae (Cramer); Grahn, pl. IV, fig. 14 (only). 
Material. 
Both smooth specimens of Salopochitina bella Swire and specimens attributed to this 
species that possess an ornamented vesicle surface first occur in sample +1.50–+1.55 m; 
middle part of the firmus graptolite Biozone. The first appearance datum of this taxon in 
the section defines the base of the local bella chitinozoan Biozone. Both ornamented and 
unornamented specimens assigned to Salop. bella last occur within the riccartonensis 
graptolite Biozone (sample +10.00–+10.05 m and sample +7.00–+7.05 m respectively). 
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Description. 
Vesicle is sub-conical to ovoid with a broadly rounded base that may possess a sharp basal 
margin. The flexure, when present, is shallow and concave. Shoulders may be developed. 
Within a range of intraspecific variation, a short neck may be observed that can be difficult 
to discern, and which may widen orally and possess a thinned aperture. There are one to 
four solid, simple processes attached to the basal margin of the vesicle that when broken 
proximally may resemble a lacerated carina. The processes are long but total process 
length is uncertain from the specimens assigned to this species at Buttington Brick Pit as 
all material appears to have damaged processess (maximum length, 96 μm). Processes are 
usually flattened proximally at/near the attachment point to the vesicle and may possess a 
rugose ornament.  
The vesicle surface ornament is described as smooth (Swire 1990) but the nature of the 
vesicle surface is uncertain from figured holotype material (Swire 1990, pl. 2, fig. 3). For 
simplicity, Salop. bella is differentiated herein for specimens of Salop. bella with a smooth 
vesicle surface and Salop. bella that possesses an ornamented vesicle surface. 
Fine ornament, when present, consists of grana and/or short rugae. Ornament may be 
present just above the basal margin (over approximately the lower third of vesicle flanks) 
or cover the flanks until the base of the neck. The ornament may be more developed and/or 
denser near the basal margin and decrease in size/density towards the aperture.  
Dimensions. 
L (excluding processes), 75–190 μm; D, 71–130 μm; da, 39–73 μm [15 specimens 
measured].  
Remarks/Discussion. 
The taxonomic relationship between Salopochitina monterrosae (Cramer) and Salop. bella 
is uncertain. Paris et al. (1999) considered Salop. bella to be a junior synonym of Salop. 
monterrosae (and consequently considered the latter to be the type species for the genera) 
but no evidence was provided to support this determination (Paris et al. 1999, Grahn and 
de Melo 2003). Without an appraisal of the type material of each taxon it is not possible to 
establish the relationships of the taxa as the figured type material is not of sufficient 
quality. The type material of both Salop. monterrosae and Salop. bella was unavailable 
during the undertaking of this project. 
  
96 
 
Ornamented specimens identical to Salop. bella that differ in possessing apical structures 
are assigned herein to Salopochitina? sp. 1 (see below for description). The illustrated 
holotype material of Salop. bella, and Salop. monterrosae, does not allow for the 
determination of the absence, or presence and nature, of apical structures and a reappraisal 
of the type material may allow from the synonymy of Salopochitina? sp. 1 into one of 
these taxa. 
Specimens assigned to Salop. bella from the Banwy River section and illustrated by 
transmitted light microphotography appear to possess smooth vesicle surfaces (Mullins and 
Loydell 2001, text-fig. 3, specimens ‘u’ to ‘x’). However, this material is not differentiated 
from specimens assigned to Salop. bella that possess a granulate ornament on the vesicle 
flanks (Mullins and Loydell 2001, pl. 6, figs 8–9, scanning electron micrographs). 
A single specimen assigned to Salop. bella illustrated from the Hughley Brook section 
(Mullins and Aldridge 2004, pl. 7, fig. 3) possesses a rugose ornament just above the basal 
margin on lower part of the flanks.  
Specimens from the Amazonas Basin figured and assigned to Salopochitina aff. 
Salopochitina monterrosae (Cramer) by Grahn and de Melo (2003, pl. VI, figs 14–15) and 
Grahn (2005 pl. VI, fig. 15) differ from Salop. bella in possessing more numerous and/or 
more complex processes. A specimen assigned to Salop. aff. Salop. monterrosae (Grahn 
and de Melo 2003, pl. VI, fig. 12) cannot be demonstrated to possess a granulate surface 
ornament or a smooth vesicle surface from the figured material. Illustrated specimens 
assigned to Salop. monterrosae (Grahn 2005, pl. 4, fig. 14) from the Amazonas Basin 
differ from Salop. bella in possessing distinct processes projecting from a carina. 
Variations in the interpretation and taxonomic placement of Salop. bella, and the 
associated biostratigraphical implications, are discussed in greater detail in chapter 6. 
 
Salopochitina cf. bella Swire, 1990 
Synonymy. 
Not currently applicable. 
Figured material. 
Pl. 7, figs 11–12. 
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Material. 
One specimen assigned from sample +4.00–+4.05 m; lower part of riccartonensis 
graptolite Biozone; bella chitinozoan Biozone. 
Description. 
This taxon is determined to have a general morphology similar to Salopochitina bella 
Swire: a conico-ovoid vesicle with a short neck and processes on the basal margin 
(minimum process length, 26 μm). As the processes are incomplete it is difficult to 
determine if they are fenestrate proximally and broken (see Cramer 1969, text-fig. 2C, and 
Swire 1990, pl. 2, fig. 2 for comparison of structure), or if the processes branch distally.  
Dimensions. 
L (excluding processes), 134 μm; D, 108 μm; da, N/A [1 specimen measured].  
Remarks/Discussion. 
The specimen assigned to Salopochitina cf. bella may be a damaged specimen of 
Salopochitina bella Swire. Nonetheless, the apparent complexity of the ‘branching’ nature 
of the processes, albeit damaged and potentially fenestrate, in Salop. cf. bella is the reason 
for this taxon to be considered separate. 
 
Salopochitina? sp. 1 
Figured material. 
Pl. 8, figs 1–2, 5–6, 8, 10–11, 14; specimens assigned questionably in pl. 8, figs 3–4, 7, 9, 
13.  
Synonymy. 
Not currently applicable. 
Material. 
First occurrence in sample +1.50–+1.55 m; middle part of the firmus graptolite Biozone; 
lowermost bella chitinozoan Biozone. Last occurrence in sample +7.00–+7.05 m; 
riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
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Description. 
Ovoid vesicle with convex flanks that may possess a slight flexure and shoulders. A short 
neck may be present and the aperture possesses a finely-fringed collarette. The vesicle has 
a broadly to sharply rounded basal margin with a slightly concave to slightly convex base. 
A central scar occurs at the apex that may be surrounded by a raised ridge-like mucron 
(length, ca. 1.3 μm) and/or may occur on the apex of a slightly raised hemispherical 
mound. At least one process is present on the basal margin. Vesicle surface ornament is 
granulate to rugose, with ornament usually larger and/or denser on the flanks just above the 
basal margin (maximum height of ornament, 1.9 μm). The base of the vesicle is roughened 
but unornamented.  
Dimensions. 
L, 107–196 μm; D, 77–135 μm; da, 43–73 μm [Four specimens]. 
Remarks/discussion. 
Salopochitina? sp. 1 is assigned questionably to the genus Salopochitina based on 
specimens that lack a neck, possess sheathing processes, and possess a conical to ovoid 
vesicle chamber shape. Assignment is questionable as some specimens possess a short 
neck and the presence of an operculum or a prosome is uncertain. However, 
Salopochitina? sp. 1 is very similar to Salopochitina bella Swire. Granulate specimens 
assigned to Salop. bella are identical with the exception that they lack an apical scar and 
instead possess a smooth base.  
Salopochitina? sp. 1 may be difficult to distinguish from poorly preserved specimens of 
Cingulochitina burdinalensis Verniers where only a partial carina is preserved on the basal 
margin. Cing. burdinalensis differs in possessing a mucron on a concave base and in 
lacking the raised hemispherical mound that is observed on the base of Salopochitina? sp. 
1. Specimens of Salopochitina? sp. 1 that possess a sharp basal margin and broken 
processes, resembling a lacerated carina, may be difficult to distinguish from Eisenackitina 
ithonensis Verniers which is similar but lacks processes.  
 
Order PROSOMATIFERA Eisenack, 1972a 
Family CONOCHITINIDAE (Eisenack, 1931) Paris, 1981 
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Subfamily CONOCHITININAE Paris, 1981 
Genus CONOCHITINA Paris et al., 1999 
Type species. Conochitina claviformis Eisenack, 1931, p. 84 (holotype lost, neotype: 
Eisenack, 1968, p. 159, pl. 25, fig. 5). 
Conochitina acuminata Eisenack, 1959 
Figured material. 
Pl. 9, fig. 7. 
Synonymy. 
1959 Conochitina acuminata Eisenack, p. 6, pl. 3, figs 10–11. 
Material. 
Single specimen, occurring in sample +0.55–+0.60 m; upper murchisoni graptolite 
Biozone; lowermost bouniensis chitinozoan Biozone. 
Description. 
The elongated conical vesicle has straight flanks that taper to an inconspicuous flexure. A 
short neck widens slightly towards a finely fringed aperture. The maximum diameter of the 
vesicle occurs approximately twenty-five percent of the way along the vesicle. The basal 
margin is sharp. The vesicle surface is smooth, and the base has a roughened appearance. 
A narrow, sub-conical mucron (length, 8.3 μm) protrudes from a slightly convex base.  
Dimensions. 
L, 154 μm; D, 68 μm; da, 51 μm [one specimen] 
Remarks/discussion. 
Conochitina acuminata Eisenack has a sharp basal margin that lacks the ‘very small but 
sharp [edge]’ of a low ridge-like carina characteristic of Conochitina flamma Laufeld 
(Laufeld 1974, p. 60). The constriction just above the basal margin considered 
characteristic for Cono. flamma by Laufeld is absent in Cono. acuminata (Laufeld 1974, p. 
6061). However, note that not all specimens assigned to Cono. flamma and illustrated by 
Laufeld possess this constriction (see Laufeld 1974, fig. 23D).  
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Laufeld (1974, p. 59) commented, within the description of the occurrence data for Cono. 
acuminata, that ‘long’, slender specimens, previously assigned to Cono. acuminata are 
therein attributed to a new species, Cono. flamma. However, the vesicle length to diameter 
ratios upon which Cono. acuminata and Cono. flamma are separated therein are not 
quantified by Laufeld (1974) and therefore not considered diagnostic for species 
differentiation herein (see section ‘6.2.2.’ herein for further discussion regarding Cono. 
acuminata and Cono. flamma). 
 
Subfamily BELONECHITININAE Paris, 1981 
Genus BELONECHITINA (Jansonius, 1964) Paris et al., 1999 
Type species. Conochitina micracantha subsp. robusta Eisenack, 1959, p. 9, pl. 3, fig. 4. 
Belonechitina? sp. 1 
Figured material. 
Pl. 10, figs 11–12. 
Synonymy. 
Not currently applicable. 
Material. 
One specimen observed from sample +0.80–+0.85 m; upper murchisoni graptolite 
Biozone; lower part of the bouniensis chitinozoan Biozone. 
Description. 
Cylindrico-conical vesicle with a well-developed flexure and shoulders. There is a short 
neck and the vesicle wall thins at the aperture which possesses a short, finely fringed 
collarette. Flanks are convex and the basal margin is broadly rounded. The base is flat and 
perhaps very slightly convex. An irregular rugose ornamentation, produced by fine to 
coarse grana joined by fine ridges, covers the vesicle surface and extends from the basal 
margin onto the base and covers all but the centre of the base. At the centre of the base is a 
circular roughened area covering a low, slightly protruding mound on which there is a 
depressed, circular, apical scar. A clearly distinguished mucron is not observed. No 
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concentric circular structures are observed on the unornamented area at the centre of the 
base. Vesicle lacks smooth, ring-like thickenings on the vesicle chamber. 
Dimensions. 
 L, 148 μm; W, 92 μm; da (minimum), 41 μm [one specimen]. 
Remarks/discussion. 
Assigned tentatively to the genus Belonechitina from the presence of a possibly deformed 
neck, an inconspicuous flexure, a conical vesicle chamber shape, and a spiny vesicle 
ornament. Assignment is questionable as it is uncertain if the taxon has a true neck that is 
sealed by a prosome or if the vesicle is plugged by an operculum. This taxon remains in 
open nomenclature as only one specimen was recovered. 
Belonechitina? sp. 1 shares a strong similarity with forms of Belonechitina sp. 2 sensu 
Mullins and Loydell (2001) that possess slightly convex flanks and have broad shoulders 
and flexures. Both taxa have ornament that extends around the basal margin to cover all 
but the centre of the base. However, Belonechitina sp. 2 sensu Mullins and Loydell has a 
coarse, irregular, spongy ornament whereas Belonechitina? sp. 1 has a rugose ornament. 
Belonechitina sp. 2 sensu Mullins and Loydell possesses a more developed apical pit and 
short, linear structures that run sub-parallel to the axis of the vesicle occur on the base of 
the neck (Mullins and Loydell 2001, pl. 5, fig. 8). Belonechitina? sp. 1 lacks the concentric 
circular structures observed on the base of Belonechitina sp. 2 sensu Mullins and Loydell.  
Eisenackitina anulifera Verniers has a similar vesicle outline and may possess a slightly 
rugose vesicle ornament but differs from Belonechitina? sp. 1 herein in possessing a 
mucron or thinned vesicle wall and ring-like thickenings (see holotype in Verniers, 1982, 
pl. 5, fig. 93).  
Eisenackitina aff. anulifera Mullins and Loydell shares a vesicle outline with 
Belonechitina? sp. 1. Both taxa have nearly flat bases that possess a broad central scar at 
the centre. However, ornamented vesicles of E. aff. anulifera possess an irregular, mesh-
like ornament formed by interlocking randomly orientated low ridges (Mullins and Loydell 
2001, pl. 3, fig. 8) that is disparate from the irregular, rugose ornament of Belonechitina? 
sp. 1.  
Eisenackitina inanulifera Nestor differs from Belonechitina? sp. 1 in possessing a button-
like mucron in the centre of the base (see Nestor 2005, pl. 1, fig. 11b). 
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Family LAGENOCHITINIDAE (Eisenack, 1931) Paris, 1981 
Subfamily LAGENOCHITININAE Paris, 1981 
Genus LAGENOCHITINA (Eisenack, 1931) Paris et al. (1999) 
Type species. Desmochitina bursa Taugourdeau and de Jekhowsky, 1960, p. 1225 
(holotype lost, neotype: Taugourdeau, 1967, p. 259, pl. 1, fig. 3). 
Lagenochitina sp. 1 
Figured material. 
Pl. 8, figs 14–15. 
Synonymy. 
?1993 Lagenochitina sp. Dufka and Fatka, pl. 3, fig. 5 (only). 
Material. 
Four specimens from sample +5.00–+5.05 m; riccartonensis graptolite Biozone; bella 
chitinozoan Biozone. 
Description. 
The vesicle chamber is ovoid with convex flanks. There is a conspicuous flexure and a 
slight shoulder developed. A short neck is present with a finely fringed collarette at the 
aperture. The maximum diameter occurs from twenty-five percent to fifty percent of the 
way along the vesicle. The basal margin is broadly rounded to well-rounded and the base is 
convex. No apical structures are observed on the base. It is difficult to distinguish if the 
vesicle surface is smooth or possesses a low lanate ornament as there appears to be 
?bacteria obscuring some fine details on the vesicle surface in some specimens (see pl. 8, 
fig. 14 herein). 
Dimensions. 
L, 89–127 μm; D, 64–83 μm; da, 24–46 μm [Two specimens]. 
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Remarks/discussion. 
Assigned to the genus Lagenochitina from the presence of a neck, a conspicuous flexure, 
an ovoid vesicle chamber shape, and a glabrous vesicle ornament. This taxon remains in 
open nomenclature due to the low number of specimens recovered at Buttington Brick Pit. 
Eisenacktina anulifera Verniers includes forms that possess a comparable vesicle outline, 
i.e. an ovoid chamber, short neck, distinctive flexure and shoulders, sometimes convex 
base, and a rounded to sharp basal margin. Lagenochitina sp. 1, however, lacks a mucron, 
or sudden thinning of the vesicle wall where the mucron is normally positioned, and lacks 
the rugose vesicle surface ornament that may be observed for E. anulifera. 
Lagenochitina sp. sensu Dufka and Fatka (1993, pl. 3, fig. 5 only; from Ordovician age 
strata, Kosov Formation, Kosov series, sample ‘HT-15/07/CH’) has no description 
provided but appears to have a similar vesicle outline to that of Lagenochitina sp. 1. Both 
taxa possess an ovoid vesicle with a well-rounded basal margin and convex base, and a 
short neck with a conspicuous flexure and slight shoulder. Lagenochitina sp. sensu Dufka 
and Fatka (1993, pl. 3, fig. 5 only) cannot be confirmed to possess a smooth vesicle surface 
due to the quality of the figures provided therein, hence synonymy with Lagenochitina sp. 
1 is questionable. 
 
Subfamily ANCYROCHITININAE Paris, 1981 
Genus ANCYROCHITINA Eisenack, 1955 
Type species. Conochitina ancyrea Eisenack, 1931, p. 88–89, pl. 4, fig. 4 (holotype lost, 
neotype: Ancyrochitina ancyrea in Eisenack 1955, p. 163–164, pl. 2, fig. 7). 
Ancyrochitina? sp. 1 
Figured material. 
Pl. 12, fig. 1. 
Synonymy. 
Not currently applicable. 
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Material. 
A single specimen assigned from sample 0–+0.05 m; middle murchisoni graptolite 
Biozone; margaritana chitinozoan Biozone. 
Description. 
The vesicle possesses a conspicuous flexure and shoulder with a long neck that widens 
slightly towards a finely fringed aperture. The neck is approximately half the length of the 
vesicle. The maximum diameter of the vesicle is at the shoulders.  
A prominent constriction occurs approximately fifty percent along the flanks of the vesicle 
and separates the chamber into two broadly spherical regions. The constriction is 
delineated by longitudinal small ridges and grana which occur broadly parallel with where 
the flanks are concave. The remainder of the vesicle is smooth and the specimen surface 
has some minor bacterial damage. 
The basal margin is rounded and the base is inconspicuous. Simple processes are restricted 
to the areas of the vesicle chamber between the shoulders and just above the basal margin. 
Although not all processes are preserved, it is apparent that processes are heteromorphic: 
processes above the basal margin are more slender than the more robust than process found 
at a level on the vesicle chamber parallel to the shoulders. Apical structures, if present, are 
not observed. 
Dimensions. 
L, 177 μm; D, 64 μm; da, 38 μm [one specimen]. 
Remarks/discussion. 
Ancyrochitina? sp. 1 is proposed herein as being a teratological form as the constriction of 
the centre of the chamber is a character not recognised from other chitinozoan taxa. It is 
placed tentatively within the genus Ancyrochitina based on the presence of a conspicuous 
flexure, the presence of processes, and the interpretation that the vesicle chamber would be 
oval if the constriction in the centre of the vesicle chamber were absent. This taxon 
remains in open nomenclature as only a single specimen was recovered, and it is likely a 
teratological form. 
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Ancyrochitina sp. 2 
Figured material. 
Pl. 12, fig. 2; specimen assigned questionably in pl. 12, fig. 4. 
Synonymy. 
Not currently applicable. 
Material. 
One specimen, and a specimen assigned questionably, both in sample +3.00–+3.05 m; 
riccartonensis graptolite Biozone; bella chitinozoan Biozone.  
Description. 
Conico-ovoid vesicle chamber with a well-developed neck, shoulders, and flexure. The 
widest part of chamber is just above basal margin and, antiapically of this, the chamber 
tapers towards the neck. The flanks are slightly convex. The basal margin is very well-
rounded and the base is inconspicuous. The few processes (at least two) on the basal 
margin are simple, slender and taper distally. Processes may be broken and as such their 
true nature and complexity is uncertain. The nature of the aperture is uncertain due to poor 
preservation of the specimen assigned herein but it does not appear to flare. Vesicle surface 
is glabrous. 
Dimensions. 
L, 150 μm; D, 67 μm; da, ca. 34 μm [one specimen]. 
Remarks/discussion. 
Assigned to the genus Ancyrochitina based upon the presence of a neck with a conspicuous 
flexure, processes on the vesicle chamber, and the conico-ovoid chamber shape. This taxon 
remains in open nomenclature as specimens are poorly preserved. 
Specimens are damaged and the nature of the processes at their terminus is uncertain as 
they are often broken. Without knowing the true nature of the distal parts of the processes 
it is difficult to tell if this species can be assigned to an existing taxon. Ancyrochitina sp. 2 
has a very well-rounded basal margin and very convex base similar to Ancyrochitina 
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convexa Nestor but the processes generally appear to be narrower more simple in 
Ancyrochitina sp. 2 which also lacks the spines observed on the neck of Ancy. convexa. 
 
Ancyrochitina sp. 3 
Figured material. 
Pl. 12, fig. 3. 
Synonymy. 
Not currently applicable. 
Material. 
One specimen in sample +5.00–+5.05 m; riccartonensis graptolite Biozone; bella 
chitinozoan Biozone.  
Description. 
The vesicle possesses a conical chamber with a conspicuous flexure, shoulders, and a well-
developed neck. The widest part of chamber is just above basal margin. The flanks are 
slightly convex. The basal margin is bluntly rounded and the base is probably flat (this is 
difficult to determine due to damage). Short, evenly distributed, heteromorphic processes 
are situated just above the basal margin (maximum process length, 14 μm). The processes 
may be simple to complex, the latter processes forms may be caused by coalescing at the 
base of the process or by the bifurcation at the terminations of processes. Bifurcating 
processes have a very short proximal part before branching occurs. The nature of aperture 
is uncertain due to the incomplete nature of the specimen but the aperture does not appear 
to flare. The vesicle surface is glabrous but there are bacteria or fungi on specimen herein. 
Dimensions. 
L, 157 μm; D, 83 μm; da, N/A μm; pl, 14 μm [one specimen]. 
Remarks/discussion. 
Assigned to the genus Ancyrochitina based upon the presence of a conspicuous flexure, 
processes around the basal margin, and the conical vesicle chamber shape. Taxon remains 
in open nomenclature due to poor preservation and the recovery of only one specimen. 
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Ancyrochitina sp. 4 
Figured material. 
Pl. 12, fig. 6. 
Synonymy. 
Not currently applicable. 
Material. 
Single specimen in sample +0.80–+0.85 m; upper murchisoni graptolite Biozone; lower 
part of the bouniensis chitinozoan Biozone. 
Description. 
Conical vesicle chamber with a conspicuous flexure and a long neck. The neck thins 
toward a finely fringed, straight aperture. No spines are observed on the neck. The basal 
margin is bluntly rounded and the base is concave (N.b. this could be a taphonomic feature 
with the base having been ‘pushed’ into the vesicle chamber), with no apical structures 
determined on the damaged base. Processes are restricted to the basal margin, have wide 
bases, and bifurcate once or twice approximately half way along their length and again 
distally just before the termination of the process (maximum process length, 52 μm). The 
widest part of the processess occurs where the process attaches to the basal margin 
(maximum process width, 10 μm). There are at least three processes on the basal margin of 
the single specimen observed and it is hard to determine if there are more due to the angle 
of compression and damage on the specimen. The surface of the vesicle chamber is 
glabrous. 
Dimensions. 
L, 115 μm; D, 63 μm; da, 26 μm; pl, 52 μm [one specimen]. 
Remarks/discussion. 
Assigned to Ancyrochitina upon the presence of a conspicuous flexure, processes on the 
basal margin, and the conical chamber shape. This taxon remains in open nomenclature as 
only one specimen was observed. 
  
108 
 
Ancyrochitina ancyrea (Eisenack) has long processes that branch once or twice but differs 
from Ancyrochitina sp. 4 as branching occurs in only the distal parts of the processes – it is 
recognised, however, that Ancy. ancyrea has become something of a ‘wastebasket taxon’ 
(see discussions in Laufeld 1974 and Butcher 2009). The processes of Ancyrochitina 
gutnica Laufeld have long, wide proximal parts and branch 2 to 4 times. However, Ancy. 
gutnica has more processes than Ancyrochitina sp. 4 (710 vs. 3). Ancyrochitina sp. 4 
lacks the curved spines observed on the neck of Ancy. gutnica. Ancyrochitina 
porrectaspina Nestor possesses 5 to 8 long processes that branch 2 to 4 times. The 
proximal sections of the processes are usually long and wide, and narrow distally dividing 
in what appears to be an regular and even way (compared to Nestor 1994, pl. 3, fig. 8) 
whereas Ancyrochitina sp. 4 has processes that split more irregularly (see fig. 5.4). 
 
 
Fig. 5.4, Comparison of the process branching style (stylised herein) in Ancyrochitina sp. 4 and 
Ancyrochitina porrectaspina. A, irregular branching in Ancyrochitina sp. 4 (see pl. 12, fig. 6, herein); B, 
robust, regularly branching processes in Ancyrochitina porrectaspina (see Nestor 1994, pl. 3, fig. 8). Not 
to scale. 
 
Ancyrochitina? sp. 5 
Figured material. 
Pl. 12, figs 7, 11. 
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Synonymy. 
Not currently applicable. 
Material. 
A single specimen occurs in sample +5.00–+5.05 m; riccartonensis graptolite Biozone; 
bella chitinozoan Biozone.  
Description. 
The vesicle is conical with a conspicuous flexure, and a neck that is shorter than the length 
of the vesicle chamber. The nature of the aperture is unknown as it is partially damaged. 
Slightly convex flanks have their greatest diameter just above the basal margin. The basal 
margin is broadly rounded and the base is convex. Parts of the structures on the basal 
margin look like a discontinuous carina (see pl. 12, fig. 11, label ‘C?’), whereas other 
sections look like short processes, or the proximal sections of broken processes attached in 
longitudinal arrangement (i.e. in parallel to the basal margin) (see pl. 12, fig. 11, label ‘P’). 
The vesicle surface is very finely granulate at high magnification but appears slightly 
abraded. Note ?bacteria on specimen’s basal margin. 
Dimensions. 
L, 103 μm; D, 73 μm; da, N/A μm; ‘carina’ length, 3.6 μm [one specimen]. 
Remarks/discussion. 
Assigned tentatively to the genus Ancyrochitina on the basis of the conical vesicle 
chamber, possible processes, and conspicuous flexure. The specimen herein is only 
tentatively attributed to this genus as some structures on the basal margin appear to be 
carina-like. However, the discontinuous nature of the carina, a structure that encompasses 
the circumference of the vesicle, precludes attribution to the Cingulochitina genus. This 
taxon remains in open nomenclature due to the poor preservation and a paucity of data 
(only one specimen was recovered). 
Ancyrochitina? sp. 5 is similar to Ancyrochitina ansarviensis Laufeld in overall 
morphology and outline vesicle shape. However, Ancyrochitina? sp. 5. possesses a greater 
diversity of structures on the basal margin with discontinuous carina-like structures 
occurring along with processes.  
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In his description of Ancyrochitina ansarviensis, Laufeld (1974, pg. 41) commented that 
the processes ‘are conical and some are split in the distal end, but they do not branch. In 
some specimens two [processess] are attached closely and in the longitudinal direction’. 
These features are particularly apparent for Ancy. ansarviensis illustrated by Loydell and 
Nestor (2005, fig. 4‘o’) which shows pairs of closely adjacent process with processes at the 
furthest left- and right- hand side of this figure splitting distally. These latter processes 
appear to have wide bases and split in a way that causes them to have an irregular terminus 
that superficially appears similar to the discontinuous carina-like structures on the basal 
margin of Ancyrochitina? sp. 5. However, the discontinuous carina-like structures on the 
basal margin of Ancyrochitina? sp. 5. are flat (not conical) and, although not circular 
around the circumference of the vesicle, are otherwise identical to the structures figured 
and described as a carina in the glossary of Paris et al. (1999, fig. 2.12). Consequently, 
Ancyrochitina? sp. 5. is considered discrete from Ancy. ansarviensis. 
 
Ancyrochitina sp. 6 
Figured material. 
Pl. 12, figs 5, 8, 10; specimen assigned questionably in pl. 10, fig. 13. 
Synonymy. 
Not currently applicable.  
Material. 
Ancyrochitina sp. 6 occurs rarely at the base of the section from two samples. Sample -
0.05–0 m and 0–+0.05 m; middle murchisoni graptolite Biozone; margaritana chitinozoan 
Biozone. A single specimen assigned questionably to Ancyrochitina sp. 6 occurs in sample 
+5.00–+5.05 m; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Description. 
The vesicle possesses a conical chamber, a well-developed neck with a flexure, and, 
occasionally, a slight shoulder that is developed approximately fifty percent of the way 
along the vesicle chamber. The widest part of the vesicle occurs just above the basal 
margin. No spines are observed on the neck. The nature of the aperture is uncertain as the 
neck is broken and incomplete on all specimens. The base is flat to slightly convex and 
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lacks apical structures or has a slightly depressed scar at the centre. The broadly rounded 
basal margin possesses tapering, simple processes that are irregularly distributed on the 
basal margin. The processes may be solitary, but can also occur as groups of 2 to 4 closely-
adjacent processes. All processes are narrow proximally where the process is attached to 
the vesicle. The vesicle surface is glabrous. The processes have a slightly roughened 
surface texture under high magnification.  
Dimensions. 
L, 107 μm; D, 62–80 μm; da, N/A. pl, 21–37 μm [three specimens]. 
Remarks/discussion. 
Ancyrochitina sp. 6 is assigned to the Ancyrochitina genus base on presence of a 
conspicuous flexure, processes on the basal margin, and the conical chamber shape. 
Specimens of Ancyrochitina sp. 6 are damaged and broken to varying degrees and this 
affects the level of certainty in parts of the description (for example, the aperture) and 
dimensions. However, Ancyrochitina sp. 6 is distinguished from other Ancyrochitina 
species by the presence of relatively long, clustered processes occurring with solitary 
processes. 
Ancyrochitina ancyrea (Eisenack) possesses 410 slender processes that can split once or 
twice with bifid terminations at the most distal part of the process whereas Ancyrochitina 
sp. 6 has simple, narrow processes that do not bifurcate.  
Ancyrochitina ansarviensis Laufeld has simple conical processes that may occur in 
adjacent pairs that attach closely in a longitudinal direction (see holotype material in 
Laufeld 1974, fig. 6). Ancyrochitina sp. 6 differs in having longer processes (maximum 
length of processes, 36.6 μm vs 17.5 μm), less numerous processes on the basal margin 
(approximately 6 vs 1520), and ‘clusters’ of adjacent processes composed of more than 
two processes. Ancy. ansarviensis has a granulate vesicle surface ornament on the flanks 
with an ornament of polygonal fields delineated by rugae on the base that are not present in 
Ancyrochitina sp. 6 (see Laufeld 1974, fig. 6A). 
Ancyrochitina plurispinosa Nestor has 410 short processes that have are wide and short 
proximally with distal sections branching 2 to 3 times parallel to the longitudinal axis of 
the vesicle (Nestor 1994). As this branching occurs near the base of the process, Ancy. 
plurispinosa may superficially appear to have simple, individual processes clustered on the 
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basal margin, as seen for Ancyrochitina sp. 6, however the morphology and positions of 
the processes on the vesicle are more complex. 
Ancyrochitina primitiva Eisenack is similar to Ancyrochitina sp. 6 as it is partly 
characterised by ‘4–9, commonly 5–7, fairly short processes’ that are ‘unbranched’ 
(Laufeld 1974, p. 39). However, unlike Ancyrochitina sp. 6, these processes do not occur 
on the basal margin in clusters. Furthermore, the proximal part of processes in 
Ancyrochitina sp. 6 are narrow and not widened like those of Ancy. primitiva.  
 
Ancyrochitina? sp. 7 
Figured material. 
Pl. 12, fig. 9. 
 Synonymy. 
Not currently applicable. 
Material. 
Single specimen assigned from sample 0–+0.05 m; middle murchisoni graptolite Biozone; 
margaritana chitinozoan Biozone. 
Description. 
Conical vesicle with convex flanks. Neck and flexure not observed on broken specimen. 
The widest part of the vesicle chamber occurs just above the basal margin. The vesicle 
chamber has a broadly rounded basal margin with processes and a flat base. The processes 
are thick, sometimes sub-triangular, and widen proximally where they attach to the vesicle 
chamber. The distinctive distal sections of the processes are ‘hand-like’ (= digitate). Any 
other vesicle surface ornament details are obscured by bacteria/fungi. 
Dimensions. 
Accurate dimension data are not available from the single, poorly preserved specimen 
assigned to this taxon. 
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Remarks/discussion. 
Ancyrochitina? sp. 7 is questionably attributed to the Ancyrochitina through the presence 
of processes on a conical vesicle. The neck is broken and the flexure lost but the presence 
of a neck is inferred from the narrow dimensions of the most antiapical part of the vesicle 
formed by the tapering of the vesicle and a shoulder. This taxon remains in open 
nomenclature due to the poor preservation and paucity of data (only one specimen is 
observed).The antiapical part of the vesicle is damaged and incomplete. 
 
Plectochitina cf. pachyderma (Laufeld, 1974) 
Figured material. 
Pl. 11, figs 7, 10. 
Synonymy. 
Not currently applicable. 
Material. 
Single specimen assigned from sample 0–+0.05 m; middle murchisoni graptolite Biozone; 
margaritana chitinozoan Biozone. 
Description. 
The vesicle possesses a conical vesicle chamber and a neck more than half the length of the 
vesicle. A flexure is present but with no shoulder. Neck flares slightly at the finely-fringed 
aperture. Compression of vesicle has resulted in the nature of the basal margin being 
uncertain. The base is either flat or compressed and concave. At least 78 processes occur 
on the basal margin. Processes are fenestrate, have wide proximal sections, and taper 
distally (maximum process width, 8 μm). Processes are flattened in an orientation 
perpendicular to the vesicle axis and appear triangular in overall shape. The vesicle surface 
and processes possess a finely granulate ornament. 
Dimensions. 
L, 131 μm; D, 77 μm; da, N/A μm; pl, 27 μm [one specimen]. 
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Remarks/discussion. 
Plectochitina pachyderma (Laufeld) has an almost identical description and dimensions to 
Plectochitina cf. pachyderma but differs in having fewer processes (4 5 vs at least 7). The 
processes of Plec. cf. pachyderma have a maximum basal width slightly less than the lower 
range of the process basal width of Plec. pachyderma: Plec. pachyderma has a minimum 
process base width of 12 μm for specimens from the type stratum whereas the maximum 
process base width of Plec. cf. pachyderma herein is narrower (8.1 μm). The vesicle of 
Plec. cf. pachyderma appears to be slightly narrower than Plec. pachyderma but this is 
difficult to confirm because of the way the vesicle has been compressed.  
Ancyrochitina primitiva Eisenack has variable morphology with some forms sharing 
characteristics with Plec. cf. pachyderma: a flat or slightly concave base and 49 processes 
(Plec. cf. pachyderma has at least 7) that are fairly short, thick-based, unbranched, and 
orientated perpendicular to the axis of the vesicle. However, unlike P. cf. pachyderma, the 
processes of Ancy. primitiva are not fenestrate. 
Plectochitina magna (Nestor) differs in possessing a very convex base and spines on the 
neck. Plec. magna possess 56 triangular, distally tapering processes but these are wider 
than the processes of Plec. cf. pachyderma (width of process base, 15–35 μm vs 8.1 μm). 
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PLATE 1 
 
Figs 1–2, Calpichitina acollaris (Eisenack)  
Fig. 1, Antiapical view. Scale bar, 10 μm. Sample +7.00–+7.05 m; BBP3F, stub 1, 
specimen number 26; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 2, Antiapical view. Scale bar, 10 μm. Sample +7.00–+7.05 m; BBP3F, stub EX1, 
specimen number 23; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Figs 3, 5–8, Calpichitina densa (Eisenack)  
Fig. 3, Antiapical view. Scale bar, 10 μm. Sample +5.00–+5.05 m; BBP3D, stub EX4, 
specimen number 13; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 5, Chain of three specimens. Lateral view. Scale bar, 10 μm. Sample +5.00–+5.05 m; 
BBP3D, stub EX5, specimen number 1; riccartonensis graptolite Biozone; bella 
chitinozoan Biozone. 
Fig. 6, Chain of four specimens. Lateral view. Scale bar, 10 μm. Sample +5.00–+5.05 m; 
BBP3D, stub 3, specimen number 6; riccartonensis graptolite Biozone; bella chitinozoan 
Biozone. 
Fig. 7, Antiapical view. Scale bar, 10 μm. Sample +0.95–+1.00 m; BBP2A, stub EX1, 
specimen number 24; lower part of the firmus graptolite Biozone; middle part of the 
bouniensis chitinozoan Biozone. 
Fig. 8, Specimen with finely rugose vesicle surface ornament. Antiapical view. Scale bar, 
10 μm. Sample +0.95–+1.00 m; BBP2A, stub EX3, specimen number 9; lower part of the 
firmus graptolite Biozone; middle part of the bouniensis chitinozoan Biozone. 
 
Fig. 4, Calpichitina sp. 1  
Lateral view. Scale bar, 10 μm. Sample +1.80–+1.85 m; BBP2F2, stub 2, specimen 
number 18; upper part of the firmus graptolite Biozone; bella chitinozoan Biozone. 
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Figs 9–10, Bursachitina conica (Taugourdeau and de Jekhowsky)  
Fig. 9, Lateral view. Scale bar, 10 μm. Sample +0.95–+1.00 m; BBP2A, stub 8, specimen 
number 24; lower part of the firmus graptolite Biozone; middle part of the bouniensis 
chitinozoan Biozone. 
Fig. 10, Lateral view. Scale bar, 10 μm. Sample +2.00–+2.05 m; BBP3A, stub 5; specimen 
number 7; uppermost firmus graptolite Biozone; bella chitinozoan Biozone. 
 
Fig. 11, Bursachitina? sp. 1 
Lateral view. Scale bar, 10 μm. Sample +0.50–+0.55 m; BBP6C, stub 4, specimen number 
2; upper murchisoni graptolite Biozone; uppermost margaritana chitinozoan Biozone. 
 
Fig. 12, Ramochitina? sp.  
Lateral view. Scale bar, 10 μm. Sample +6.00–+6.05 m; BBP3E, stub 4; specimen number 
21; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Fig. 13, Eisenackitina sp. 1 sensu Mullins and Loydell 2001 
Specimen with operculum displaced within the neck? Lateral view. Scale bar, 10 μm. 
Sample +6.00–+6.05 m; BBP3E, stub EX1; specimen number 11; riccartonensis graptolite 
Biozone; bella chitinozoan Biozone. 
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PLATE 2 
 
Figs 1–3, Bursachitina sp. 2  
Fig. 1, Lateral view. Scale bar, 10 μm. Sample +0.50–+0.55 m; BBP6C, stub 2, specimen 
number 3; upper murchisoni graptolite Biozone; uppermost margaritana chitinozoan 
Biozone. 
Fig. 2, Lateral view. Scale bar, 10 μm. Sample +9.00–+9.05 m; BBP4B3, stub 1, specimen 
number 4; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 3, Lateral view. Scale bar, 10 μm. Sample +7.00–+7.05 m; BBP3F, stub 1, specimen 
number 29; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Fig. 4, Bursachitina sp. 2? 
Lateral view. Scale bar, 10 μm. Sample +7.00–+7.05 m; BBP3F, stub 1, specimen number 
23; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Figs 5–6, Bursachitina sp. 3 
Fig. 5, Lateral view. Scale bar, 10 μm. Sample +1.40–+1.45 m; BBP2D2, stub EX3, 
specimen number 14; middle part of firmus graptolite Biozone; upper part of bouniensis 
chitinozoan Biozone. 
Fig. 6, Smooth base lacking apical features. Oblique apical view of specimen in fig. 5. 
Scale bar, 10 μm. 
 
Figs 7, 9, Bursachitina sp. 4 
Fig. 7, Lateral view. Scale bar, 10 μm. Sample +4.00–+4.05 m; BBP3C, stub 3, specimen 
number 3; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 9, Lateral view. Scale bar, 10 μm. Sample +4.00–+4.05 m; BBP3C, stub 2, specimen 
number 15; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
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Fig. 8, Bursachitina sp. 5 
Lateral view. Scale bar, 10 μm. Sample +0.40–+0.45 m; BBP1D2, stub 1, specimen 
number 7; upper murchisoni graptolite Biozone; upper margaritana chitinozoan Biozone. 
 
Fig. 10, Bursachitina sp. 6 
Lateral view. Scale bar, 10 μm. Sample +1.50–+1.55 m; BBP9A, stub 3, specimen number 
44; middle part of the firmus graptolite Biozone; lowermost bella chitinozoan Biozone. 
 
Fig. 11, Bursachitina sp. 6? 
Lateral view. Scale bar, 10 μm. Sample +6.00–+6.05 m; BBP3E, stub 3, specimen number 
6; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
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PLATE 3 
 
Figs 1–9, 11–12, Pterochitina hughleyensis Mullins and Aldridge 
Fig. 1, Two conjoined specimens with roughened, rugose, ornament on carina. Lateral 
view. Scale bar, 10 μm. Sample +1.45–+1.50 m; BBP11A, stub 3, specimen number 26; 
middle part of the firmus graptolite Biozone; uppermost bouniensis chitinozoan Biozone. 
Fig. 2, Two conjoined specimens. Oblique antiapical view. Scale bar, 10 μm. Sample 
+1.45–+1.50 m; BBP11A, stub 1, specimen number 33; middle part of the firmus graptolite 
Biozone; uppermost bouniensis chitinozoan Biozone. 
Fig. 3, Oblique apical view. Scale bar, 10 μm. Sample +1.45–+1.50 m; BBP11A, stub 3, 
specimen number 31; middle part of the firmus graptolite Biozone; uppermost bouniensis 
chitinozoan Biozone. 
Fig. 4, Antiapical view. Scale bar, 10 μm. Sample +1.20–+1.25 m; BBP2C, stub 1, 
specimen number 7; lower part of the firmus graptolite Biozone; middle part of bouniensis 
chitinozoan Biozone. 
Fig. 5, Apical view. Scale bar, 10 μm. Sample 0–+0.05 m; BBP1B2, stub 6, specimen 
number 27; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
Fig. 6, Oblique antiapical view. Scale bar, 10 μm. Sample +1.40–+1.45 m; BBP2D2, stub 
2, specimen number 22; middle part of the firmus graptolite Biozone; upper part of the 
bouniensis chitinozoan Biozone. 
Fig. 7, Lateral view. Scale bar, 10 μm. Sample +2.00–+2.05 m; BBP3A, stub 5, specimen 
number 32; firmus graptolite Biozone; bella chitinozoan Biozone. 
Fig. 8, Apical view. Scale bar, 10 μm. Sample -0.05–0 m; BBP1A2, stub 8, specimen 
number 13; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
Fig. 9, Oblique apical view. Scale bar, 10 μm. Sample -0.05–0 m; BBP1A2, stub EX2, 
specimen number 8; middle murchisoni graptolite Biozone; margaritana chitinozoan 
Biozone. 
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Fig. 11, Oblique apical view. Scale bar, 10 μm. Sample +1.40–+1.45 m; BBP2D2, stub 2, 
specimen number 48; middle part of the firmus graptolite Biozone; upper part of the 
bouniensis chitinozoan Biozone. 
Fig. 12, Two conjoined specimens (one of which is incomplete). Oblique apical view. 
Scale bar, 10 μm. Sample +1.45–+1.50 m; BBP11A, stub 6, specimen number 1; middle 
part of the firmus graptolite Biozone; uppermost bouniensis chitinozoan Biozone. 
 
Fig. 10, Pterochitina macroptera Eisenack? 
Oblique apical view. Scale bar, 10 μm. Sample -0.05–0 m; BBP1A2, stub EX2, specimen 
number 4; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
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PLATE 4 
 
Figs 1–12, Cingulochitina bouniensis Verniers  
Fig. 1, Four specimens in a chain. Lateral view. Scale bar, 100 μm. Sample +0.60–+0.65 
m; BBP1E3, stub 1; specimen numbers 10–13; upper murchisoni graptolite Biozone; lower 
part of the bouniensis chitinozoan Biozone. 
Fig. 2, Two conjoined specimens. Lateral view. Scale bar, 10 μm. Sample +0.60–+0.65 m; 
BBP1E3, stub 2, specimen number 4; upper murchisoni graptolite Biozone; lower part of 
the bouniensis chitinozoan Biozone. 
Fig. 3, Two conjoined specimens. Lateral view. Scale bar, 100 μm. Sample +0.60–+0.65 
m; BBP1E3, stub 5, specimen number 14; upper murchisoni graptolite Biozone; lower part 
of the bouniensis chitinozoan Biozone. 
Fig. 4, Specimen with longitudinal folds on vesicle. Lateral view. Scale bar, 100 μm. 
Sample +0.60–+0.65 m; BBP1E3, stub EX1, specimen number 4; upper murchisoni 
graptolite Biozone; lower part of the bouniensis chitinozoan Biozone. 
Fig. 5, Two conjoined specimens with lower vesicle broken. Longitudinal folds on the 
vesicles. Lateral view. Scale bar, 10 μm. Sample +0.60–+0.65 m; BBP1E3, stub 5, 
specimen number 18; upper murchisoni graptolite Biozone; lower part of the bouniensis 
chitinozoan Biozone. 
Fig. 6, Specimen with longitudinal folds on vesicle. Lateral view. Scale bar, 10 μm. 
Sample +0.60–+0.65 m; BBP1E3, stub 2, specimen number 56; upper murchisoni 
graptolite Biozone; lower part of the bouniensis chitinozoan Biozone. 
Fig. 7, Lateral view. Scale bar, 10 μm. Sample +0.60–+0.65 m; BBP1E3, stub 1, specimen 
numbers 9; upper murchisoni graptolite Biozone; lower part of the bouniensis chitinozoan 
Biozone. 
Fig. 8, Lateral view. Scale bar, 10 μm. Sample +0.60–+0.65 m; BBP1E3, stub 3, specimen 
numbers 29; upper murchisoni graptolite Biozone; lower part of the bouniensis chitinozoan 
Biozone. 
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Fig. 9, Two conjoined specimens with longitudinal folds on vesicles. Lateral view. Scale 
bar, 10 μm. Sample +0.60–+0.65 m; BBP1E3, stub 2, specimen numbers 75; upper 
murchisoni graptolite Biozone; lower part of the bouniensis chitinozoan Biozone. 
Fig. 10, Lateral view. Scale bar, 10 μm. Sample +0.60–+0.65 m; BBP1E3, stub 3, 
specimen numbers 6; upper murchisoni graptolite Biozone; lower part of the bouniensis 
chitinozoan Biozone. 
Fig. 11, Specimen with longitudinal folds on vesicle. Lateral view. Scale bar, 10 μm. 
Sample +1.40–+1.45 m; BBP2D2, stub 5, specimen number 11; middle part of firmus 
graptolite Biozone; upper part of bouniensis chitinozoan Biozone. 
Fig. 12, Specimen with longitudinal folds on vesicle. Lateral view. Scale bar, 10 μm. 
Sample +1.50–+1.55 m; BBP9A, stub 3, specimen number 102; middle part of firmus 
graptolite Biozone; lowermost bella chitinozoan Biozone. 
 
Figs 13–14, Cingulochitina burdinalensis Verniers 
Fig. 13, Specimen with a smooth vesicle surface, a small, sharp carina on the basal margin, 
and a mucron. Lateral view. Scale bar, 10 μm. Sample + 6.00–+6.05 m; BBP3E, stub 
EX(2)1, specimen number 2; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 14, Specimen with a smooth vesicle surface, a small, sharp carina on the basal margin, 
and a mucron. Lateral view. Scale bar, 10 μm. Sample +5.00–+5.05 m; BBP3D, stub 10, 
specimen number 36; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
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PLATE 5 
 
Fig. 1, Cingulochitina burdinalensis Verniers?  
‘C?’ = possible small, sharp, discontinuous (?broken) carina on the basal margin. Lateral 
view. Scale bar, 10 μm. Sample +7.00–+7.05 m; BBP3F, stub 1, specimen number 3; 
riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Figs 2–6, Margachitina margaritana (Eisenack) 
Fig. 2, Lateral view. Scale bar, 10 μm. Sample -0.05–0 m; BBP1A2, stub 1, specimen 
number 38; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone.  
Fig. 3, Apical view. Scale bar, 10 μm. Sample -0.05–0 m; BBP1A2, stub 9, specimen 
number 22; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
Fig. 4, Lateral view. Scale bar, 10 μm. Sample -0.05–0 m; BBP1A2, stub 1, specimen 
number 24; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
Fig. 5, Chain of two specimens. Lateral view. Scale bar, 10 μm. Sample -0.05–0 m; 
BBP1A2, stub 1, specimen number 1; middle murchisoni graptolite Biozone; margaritana 
chitinozoan Biozone. 
Fig. 6, Chain of two specimens. Lateral view. Scale bar, 10 μm. Sample -0.05–0 m; 
BBP1A2, stub 8, specimen number 29; middle murchisoni graptolite Biozone; 
margaritana chitinozoan Biozone. 
 
Figs 7–8, Linochitina odiosa Laufeld 
Fig. 7, Lateral view. Scale bar, 10 μm. Sample +1.50–+1.55 m; BBP9A, stub 5, specimen 
number 1; middle part of firmus graptolite Biozone; lowermost bella chitinozoan Biozone. 
Fig. 8, Lateral view. Scale bar, 10 μm. Sample +1.60–+1.65 m; BBP2E3, stub 1, specimen 
number 8; middle part of firmus graptolite Biozone; bella chitinozoan Biozone. 
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Figs 9–10, Linochitina cf. odiosa Laufeld 
Fig. 9, Lateral view. Scale bar, 10 μm. Sample +0.60–+0.65 m; BBP1E3, stub 5, specimen 
number 12; upper murchisoni graptolite Biozone; lower part of the bouniensis chitinozoan 
Biozone.  
Fig. 10, Close-up of apical structures on fig. 9. Oblique apical view. Scale bar, 10 μm. 
 
Fig. 11, Margachitina banwyensis Mullins  
Lateral view. Scale bar, 10 μm. Sample +1.60–+1.65 m; BBP2E3, stub 5, specimen 
number 17; middle part of the firmus graptolite Biozone; bella chitinozoan Biozone. 
 
Figs 12–13, Eisenackitina causiata Verniers 
Fig. 12, Lateral view. Scale bar, 10 μm. Sample -0.05–0 m; BBP1A2, stub 1, specimen 
number 11; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone.  
Fig. 13, Specimen with the operculum displaced within the aperture. Lateral view. Scale 
bar, 10 μm. Sample +2.00–+2.05 m; BBP3A, stub 3, specimen number 1; upper part of 
firmus graptolite Biozone; bella chitinozoan Biozone. 
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PLATE 6 
 
Figs 1–3, 5, Eisenackitina causiata Verniers 
Fig. 1, Specimen with the operculum displaced within the aperture. Lateral view. Scale bar, 
10 μm. Sample +0.40–+0.45 m; BBP1D2, stub EX3, specimen number 28; upper 
murchisoni graptolite Biozone; upper margaritana chitinozoan Biozone. 
Fig. 2, Lateral view. Scale bar, 10 μm. Sample +0.95–+1.00 m; BBP2A, stub 5, specimen 
number 23; lower part of murchisoni graptolite Biozone; middle part of bouniensis 
chitinozoan Biozone. 
Fig. 3, Lateral view. Scale bar, 10 μm. Sample +0.40–+0.45 m; BBP1D2, stub EX1, 
specimen number 11; upper murchisoni graptolite Biozone; upper margaritana chitinozoan 
Biozone. 
Fig. 5, Lateral view. Scale bar, 10 μm. Sample +0.20–+0.25 m; BBP1C2, stub 4; specimen 
number 11; upper murchisoni graptolite Biozone; upper margaritana chitinozoan Biozone. 
 
Fig. 4, Eisenackitina inanulifera Nestor? 
Lateral view. Scale bar, 10 μm. Sample +9.00–+9.05 m; BBP4B3, stub 4, specimen 
number 5; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Figs 6, 8, Eisenackitina ithonensis Verniers 
Fig. 6, Lateral view. Scale bar, 10 μm. Sample +5.00–+5.05 m; BBP3D, stub 5, specimen 
number 12; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 8, Lateral view. Scale bar, 10 μm. Sample +4.00–+4.05 m; BBP3C, stub EX2, 
specimen number 10; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Figs 7, 10–12, Eisenackitina varireticulata Swire 
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Fig. 7, Lateral view. Scale bar, 10 μm. Sample +4.00–+4.05 m; BBP3C, stub 1, specimen 
number 14; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 10, Lateral view. Scale bar, 10 μm. Sample +5.00–+5.05 m; BBP3D, stub EX4, 
specimen number 2; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 11, Lateral view. Scale bar, 10 μm. Sample +4.00–+4.05 m; BBP3C, stub 1, specimen 
number 12; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 12, Lateral view. Scale bar, 10 μm. Sample +4.00–+4.05 m; BBP3C, stub 6, specimen 
number 20; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Fig. 9, Eisenackitina aff. anulifera Mullins and Loydell 
Lateral view. Scale bar, 10 μm. Sample +1.45–+4.05 m; BBP11A, stub 8, specimen 
number 12; middle part of the firmus graptolite Biozone; uppermost bouniensis 
chitinozoan Biozone. 
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PLATE 7 
 
Figs 1–10 & 13–15, Salopochitina bella Swire 
Fig. 1, Close-up of the base of fig. 4. Oblique apical view. Scale bar, 10 μm.  
Fig. 2, Rugose surface ornament over lower third of vesicle. Ornament decreases in size 
and density away from the basal margin and towards to aperture. For close-up of apical 
structures see fig. 3, this plate. Lateral view. Scale bar, 10 μm. Sample +1.60–+1.65 m; 
BBP2E3, stub 3, specimen number 22; middle part of the firmus graptolite Biozone; bella 
chitinozoan Biozone. 
Fig. 3, Close-up of vesicle surface ornament just above basal margin on specimen in fig. 2 
Fig. 4, Rugose and granulate surface ornament over lower third of vesicle. Ornament 
decreases in size and density away from the basal margin and towards to aperture. For 
close-up of apical structures see fig. 1, this plate. Lateral view. Scale bar, 10 μm. Sample 
+1.50–+1.55 m; BBP9A, stub 1, specimen number 13; middle part of the firmus graptolite 
Biozone; lowermost bella chitinozoan Biozone. 
Fig. 5, Conical vesicle with short neck and smooth vesicle surface. Lateral view. Scale bar, 
10 μm. Sample +4.00–+4.05 m; BBP3C, stub 2, specimen number 34; riccartonensis 
graptolite Biozone; bella chitinozoan Biozone. 
Fig. 6, Specimen lacks a neck and has a smooth vesicle surface. The remaining process is 
slightly rugose. Lateral view. Scale bar, 10 μm. Sample +4.00–+4.05 m; BBP3C, stub 
EX2, specimen number 14; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 7, Oval vesicle and a sharp basal margin that bears at least two processes that are 
broken. An ornament of verrucae is confined to just above the basal margin with fine grana 
over the flanks. Well-developed collarette. Lateral view. Scale bar, 10 μm. Sample +6.00–
+6.05 m; BBP3E, stub 8, specimen number 25; riccartonensis graptolite Biozone; bella 
chitinozoan Biozone. 
Fig. 8. Oval vesicle with a very short neck, and smooth vesicle surface. Lateral view. Scale 
bar, 10 μm. Sample +4.00–+4.05 m; BBP3C, stub EX3, specimen number 3; 
riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
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Fig. 9. Conical vesicle, ?bacteria on specimen. Lateral view. Scale bar, 10 μm. Sample 
+5.00–+5.05 m; BBP3D, stub 7, specimen number 15; riccartonensis graptolite Biozone; 
bella chitinozoan Biozone. 
Fig. 10, Operculum protruding from aperture. Smooth vesicle surface. Lateral view. Scale 
bar, 10 μm. Sample +4.00–+4.05 m; BBP3C, stub 5, specimen number 33; riccartonensis 
graptolite Biozone; bella chitinozoan Biozone. 
Fig. 13, Specimen possibly possesses a faint (?abraded) rugose ornament immediately 
above basal margin. Lateral view. Scale bar, 10 μm. Sample +4.00–+4.05 m; BBP3C, stub 
EX1, specimen number 22; riccartonensis graptolite Biozone; bella chitinozoan Biozone.  
Fig. 14, Broken processes with wide ‘stubs’ formed from the remaining proximal part of 
processes. This structure appears similar to a discontinuous lacerated carina. Lateral view. 
Scale bar, 10 μm. Sample +4.00–+4.05 m; BBP3C, stub 3, specimen number 31; 
riccartonensis graptolite Biozone; bella chitinozoan Biozone.  
Fig. 15, Specimen with a smooth vesicle surface, small broken basal processes and a 
visible operculum. Operculum displaced within the aperture. Lateral view. Scale bar, 10 
μm. Sample +1.50–+1.55 m; BBP9A, stub 1, specimen number 9; middle part of the firmus 
graptolite Biozone; lowermost bella chitinozoan Biozone. 
 
Figs 11–12, Salopochitina cf. bella Swire  
Fig. 11, Smooth vesicle surface and rugose, possibly fenestrate, processes. Lateral view. 
Scale bar, 10 μm. Sample +4.00–+4.05 m; BBP3C, stub EX3, specimen number 12; 
riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 12, Close-up of processess on fig. 11. Lateral view. Scale bar, 10 μm.  
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PLATE 8 
 
Figs 1–2, 5–6, 8, 10–11, Salopochitina? sp. 1  
Fig. 1, Specimens with a depressed, wide apical scar on base and smooth vesicle surface. 
Lateral view. Scale bar, 10 μm. Sample +6.00–+6.05 m; BBP3E, stub 3, specimen number 
1; riccartonensis graptolite Biozone; bella chitinozoan Biozone.  
Fig. 2, Close-up of the base of the specimen in fig. 5. Smooth base with a wide, low raised 
rim–like mucron surrounds a wide apical pit. Oblique apical view. Scale bar, 10 μm. 
Fig. 5, Specimen with well develop rugae immediately above the basal margin that 
decreases in size and increases in density for approximately two thirds of the way along the 
vesicle towards the aperture. Grana cover the remainder of the vesicle onto the neck, 
decreasing in size toward the aperture. For close-up of apical structures see fig. 2, this 
plate. Lateral view. Scale bar, 10 μm. Sample +1.50–+1.55 m; BBP9A, stub 2, specimen 
number 17; middle part of the firmus graptolite Biozone; lowermost bella chitinozoan 
Biozone. 
Fig. 6, ?Bacteria on vesicle. Wide, depressed basal scar on a protruding mount on base. 
Proximal part of broken process visible on basal margin. Scale bar, 10 μm. Sample +4.00–
+4.05 m; BBP3C, stub 2, specimen number 35; riccartonensis graptolite Biozone; bella 
chitinozoan Biozone. 
Fig. 8, Depressed basal scar and processess broken proximally. Scale bar, 10 μm. Sample 
+4.00–+4.05 m; BBP3C, stub 2, specimen number 53; riccartonensis graptolite Biozone; 
bella chitinozoan Biozone. 
Fig. 10, Rugose surface ornament on the flanks for two thirds of the way along the vesicle 
toward the aperture. Sharp basal margin with two short, broken processes. For close-up of 
apical structures see fig. 11, this plate. Sample +4.00–+4.05 m; BBP3C, stub EX2; 
specimen number 5; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 11, Close-up of the base of the specimen in fig. 10. Apical pit at the centre of a smooth 
base surrounded by a small, ridge-like mucron. Oblique apical view. Scale bar, 10 μm. 
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Figs 3–4, 7, 9, 13, Salopochitina? sp. 1? 
Fig. 3, Close-up of the base of the specimen in fig. 4. Smooth base with a depressed basal 
scar at the centre. Oblique apical view. Scale bar, 10 μm. 
Fig. 4, Incomplete vesicle with rugose flanks, sharp basal margin bearing two rugose basal 
processes, and a roughened vesicle base. Lateral view. Scale bar, 10 μm. For close-up of 
apical structures see fig. 3, this plate. Sample +4.00–+4.05 m; BBP3C, stub 4, specimen 
number 29; riccartonensis graptolite Biozone; bella chitinozoan Biozone.  
Fig. 7, Fine, granulate surface ornament on flanks. Proximal parts of broken processess 
occur on a sharp basal margin. Smooth base with ?depressed basal scar. Lateral view. 
Scale bar, 10 μm. Sample +4.00–+4.05 m; BBP3C, stub 1, specimen number 16; 
riccartonensis graptolite Biozone; bella chitinozoan Biozone.  
Fig. 9, Incomplete vesicle with smooth vesicle surface and an apical pit in the centre of the 
vesicle base. Lateral view. Scale bar, 10 μm. Sample +4.00–+4.05 m; BBP3C, stub 1, 
specimen number 26; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 13, Lateral view. Bacteria on vesicle. Sample +5.00–+5.05 m; BBP3D, stub 6, 
specimen number 5; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
 Fig. 12, Salopochitina bella Swire 
Specimen with sharp basal margin and rugose processes attached to the basal margin. 
Lateral view. Scale bar, 10 μm. Sample +7.00–+7.05 m; BBP3F, stub 1, specimen number 
25; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Figs 14–15, Lagenochitina sp. 1  
Fig. 14, Lateral view. ?Bacteria on specimen. Sample +5.00–+5.05 m; BBP3D, stub 4; 
specimen number 25; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 15, Lateral view. Sample +5.00–+5.05 m; BBP3D, stub 3; specimen number 14; 
riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
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PLATE 9 
 
Figs 1–6, 10, Conochitina proboscifera Eisenack 
Fig. 1, Lateral view. Scale bar, 100 μm. Sample +0.40–+0.45 m; BBP1D2, stub 4, 
specimen number 1; upper murchisoni graptolite Biozone; upper margaritana chitinozoan 
Biozone. 
Fig. 2, Lateral view. Scale bar, 100 μm. Sample +3.00–+3.05 m; BBP3B, stub 10, 
specimen number 5; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 3, Lateral view. Scale bar, 100 μm. Sample 0–+0.05 m; BBP1B2, stub EX1, specimen 
number 5; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
Fig. 4, Lateral view. Scale bar, 100 μm. Sample +0.50–+0.55 m; BBP6C, stub 4, specimen 
number 24; upper murchisoni graptolite Biozone; uppermost margaritana chitinozoan 
Biozone. 
Fig. 5, Lateral view. Scale bar, 100 μm. Sample +0.55–+0.60 m; BBP10A, stub 3, 
specimen number 2; upper murchisoni graptolite Biozone; lowermost bouniensis 
chitinozoan Biozone. 
Fig. 6, Lateral view. Scale bar, 100 μm. Sample +1.40–+1.45 m; BBP2D2, stub EX3, 
specimen number 10; middle part of the firmus graptolite Biozone; upper part of the 
bouniensis chitinozoan Biozone. 
Fig. 10, Lateral view. Scale bar, 100 μm. Sample +0.40–+0.45 m; BBP1D2, stub 9, 
specimen number 9; upper murchisoni graptolite Biozone; upper margaritana chitinozoan 
Biozone. 
 
Fig. 7, Conochitina acuminata Eisenack 
Lateral view. Dark lineation marks on the basal margin of the specimen occurring 
perpendicular to the longitudinal axis of the vesicle are cracks and not a sharp basal margin 
or ridge-like carina. Scale bar, 100 μm. Sample +0.55–+0.60 m; BBP10A, stub 5, 
specimen number 23; upper murchisoni graptolite Biozone; lowermost bouniensis 
chitinozoan Biozone. 
  
140 
 
 
Figs 8–9, Conochitina praeproboscifera Nestor 
Fig. 8, Specimen with smooth, thin, wrinkled vesicle walls. Lateral view. Scale bar, 100 
μm. Sample +2.00–+2.05 m; BBP3A, stub 8, specimen number 19; upper part of the firmus 
graptolite Biozone; bella chitinozoan Biozone. 
Fig. 9, Specimen with smooth, thin, wrinkled vesicle walls. Lateral view. Scale bar, 100 
μm. Sample +1.40–+1.45 m; BBP2D2, stub EX3; specimen number 11; middle part of the 
firmus graptolite Biozone; upper part of the bouniensis chitinozoan Biozone.  
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PLATE 10 
 
Figs 1–10, Angochitina longicollis Eisenack 
Fig. 1, Lateral view. Scale bar, 10 μm. Sample-0.05–0 m; BBP1A2, stub 3, specimen 
number 13; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
Fig. 2, Lateral view. Scale bar, 10 μm. Sample -0.05–0 m; BBP1A2, stub 5, specimen 
number 15; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
Fig. 3, Lateral view. Scale bar, 10 μm. Sample 0–+0.05 m; BBP1B2, stub 3, specimen 
number 2; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
Fig. 4, Lateral view. Scale bar, 10 μm. Sample 0–+0.05 m; BBP1B2, stub 3, specimen 
number 12; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
Fig. 5, Poorly preserved specimen. Lateral view. Scale bar, 10 μm. Sample -0.05–0 m; 
BBP1A2, stub 4, specimen number 9; middle murchisoni graptolite Biozone; margaritana 
chitinozoan Biozone. 
Fig. 6, Specimen with a sharp basal margin and flat base but distinctive A. longicollis 
ornament – possibly a teratological form. Lateral view. Scale bar, 10 μm. Sample 0–+0.05 
m; BBP1B2, stub 5, specimen number 7; middle murchisoni graptolite Biozone; 
margaritana chitinozoan Biozone. 
Fig. 7, Lateral view. Scale bar, 10 μm. Sample 0–+0.05 m; BBP1B2, stub 3, specimen 
number 9; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
Fig. 8, Reduced ornament (?abraded). Lateral view. Scale bar, 10 μm. Sample 0–+0.05 m; 
BBP1B2, stub 1, specimen number 13; middle murchisoni graptolite Biozone; margaritana 
chitinozoan Biozone. 
Fig. 9, Reduced ornament (?abraded). Lateral view. Scale bar, 10 μm. Sample -0.05–0 m; 
BBP1A2, stub 9, specimen number 20; middle murchisoni graptolite Biozone; 
margaritana chitinozoan Biozone. 
Fig. 10, Spherical vesicle chamber. Lateral view. Scale bar, 10 μm. Sample +0.95–+1.00 
m; BBP2A, stub 6, specimen number 12; lower part of the firmus graptolite Biozone; 
middle part of the bouniensis chitinozoan Biozone. 
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Figs 11–12, Belonechitina sp. 1  
Fig. 11, Lateral view. Apical structures illustrated in fig. 12. Scale bar, 10 μm. Sample 
+0.80–+0.85 m; BBP1F2, stub EX1, specimen number 11; upper murchisoni graptolite 
Biozone; lower part of the bouniensis chitinozoan Biozone. 
Fig. 12, Oblique apical view of specimen in fig. 11. Scale bar, 10 μm.  
 
Fig. 13, Ancyrochitina sp. 6?  
Specimen with incomplete vesicle and damaged processes. Only the proximal parts of 
processes are observed. Short, spherical vesicle chamber. Lateral view. Scale bar, 10 μm. 
Sample +5.00–+5. 05 m; BBP3D, stub EX4, specimen number 28; riccartonensis 
graptolite Biozone; bella chitinozoan Biozone. 
 
Fig. 14, Plectochitina magna (Nestor)  
Distal part of the triangular, flat process is split with the most distal parts of split process 
curving back in the direction of the vesicle. Lateral view. Scale bar, 10 μm. Sample -0.05–
0 m; BBP1A2, stub 1, specimen number 36; middle murchisoni graptolite Biozone; 
margaritana chitinozoan Biozone. 
 
Fig. 15, Ancyrochitina sp. 
Specimen with considerable pyrite damage on the chamber. Lateral view. Scale bar, 10 
μm. Sample +10.00–+10.05 m; BBP4C3, stub 3, specimen number 1; riccartonensis 
graptolite Biozone; bella chitinozoan Biozone. 
 
Figs 16–17, Conochitina aff. tuba (Eisenack) 
Fig. 16, Lateral view. Scale bar, 100 μm. Sample +3.00–+3.05 m; BBP3B, stub 2, 
specimen number 20; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
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Fig. 17, Lateral view. Scale bar, 100 μm. Sample +2.00–+2.05 m; BBP3A, stub EX2, 
specimen number 7; upper part of the firmus graptolite Biozone; bella chitinozoan 
Biozone. 
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PLATE 11 
 
Figs 1–2 Ancyrochitina aff. ancyrea (Eisenack) 
Fig. 1, Lateral view. Scale bar, 10 μm. Sample -0.05–0 m; BBP1A2, stub 4, specimen 
number 10; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
Fig. 2, Lateral view. Scale bar, 10 μm. Sample BBP1B2; 0–+0.05 m, stub 5, specimen 
number 32; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
 
Fig. 3, Ancyrochitina convexa Nestor? 
Lateral view. Scale bar, 10 μm. Sample +7.00–+7.05 m; BBP3F, stub 3, specimen number 
24; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Fig. 4, Ancyrochitina convexa Nestor 
Lateral view. Scale bar, 10 μm. Sample +5.00–+5.05 m; BBP3D, stub 4, specimen number 
35; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Fig. 5, Ancyrochitina ancyrea (Eisenack) 
Oblique antiapical-lateral view. Scale bar, 10 μm. Sample -0.05–0 m; BBP1A2, stub 1, 
specimen number 18; middle murchisoni graptolite Biozone; margaritana chitinozoan 
Biozone. 
 
Fig. 6, Plectochitina pachyderma Laufeld? 
Lateral view. Scale bar, 10 μm. Sample +4.00–+4.05 m; BBP3C, stub 1, specimen number 
2; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Figs 7, 10, Plectochitina cf. pachyderma Laufeld 
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Fig. 7, Oblique apical-lateral view. Scale bar, 10 μm. Sample 0–+0.05 m; BBP1B2, stub 1, 
specimen number 33; middle murchisoni graptolite Biozone; margaritana chitinozoan 
Biozone. 
Fig. 10, Close-up of a narrow, triangular, and fenestrate process from specimen in fig. 7. 
Oblique-apical view. Scale bar, 10 μm. 
 
Figs 8–9, Ancyrochitina desmea Eisenack 
Fig. 8, Lateral view. Scale bar, 10 μm. Sample +7.00–+7.05 m; BBP3F, stub 2, specimen 
number 21; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 9, Lateral view. Scale bar, 10 μm. Sample +7.00–+7.05 m; BBP3F, stub EX3, 
specimen number 3; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Fig. 11, Ancyrochitina gutnica Laufeld 
Lateral view. Scale bar, 10 μm. Sample +1.45–+1.50 m; BBP11A, stub 4, specimen 
number 1; middle part of the firmus graptolite Biozone; uppermost bouniensis chitinozoan 
Biozone. 
 
Fig. 12, Ancyrochitina primitiva (Eisenack) 
Lateral view. Scale bar, 10 μm. Sample -0.05–0 m; BBP1A2, stub 6, specimen number 15; 
middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
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PLATE 12 
 
Fig. 1, Ancyrochitina? sp. 1  
Lateral view. Scale bar, 10 μm. Sample 0–+0.05 m; BBP1B2, stub 4, specimen number 22; 
middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
 
Fig. 2, Ancyrochitina sp. 2  
Lateral view. Scale bar, 10 μm. Sample +3.00–+3.05 m; BBP3B, stub EX2, specimen 
number 36; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Fig. 3, Ancyrochitina sp. 3 
Lateral view. Scale bar, 10 μm. Sample +5.00–+5.05 m; BBP3D, stub 2, specimen number 
5; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Fig. 4, Ancyrochitina sp. 2?  
Lateral view. Scale bar, 10 μm. Sample +3.00–+3.05 m; BBP3B, stub EX2, specimen 
number 47; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Figs 5, 8, 10, Ancyrochitina sp. 6.  
Fig. 5, Lateral view. Scale bar, 10 μm. Sample -0.05–0 m; BBP1A2, stub 8, specimen 
number 27; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
Fig. 8, Lateral view. Scale bar, 10 μm. Sample 0–+0.05 m; BBP1B2, stub 6, specimen 
number 40; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
Fig. 10, Lateral view. Scale bar, 10 μm. Sample -0.05–0 m; BBP1A2, stub 4, specimen 
number 24; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
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Fig. 6, Ancyrochitina sp. 4 
Lateral view. Scale bar, 10 μm. Sample +0.80–+0.85 m; BBP1F2, stub 1, specimen 
number 13; upper murchisoni graptolite Biozone; lower part of the bouniensis chitinozoan 
Biozone. 
 
Figs 7, 11, Ancyrochitina? sp. 5.  
Fig. 7, Specimen with ?bacteria on vesicle. Lateral view. Close-up of apical structures are 
in fig. 11. Scale bar, 10 μm. Sample +5.00–+5.05 m; BBP3D, stub EX4, specimen number 
27; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 11, Close-up of structures on the basal margin of specimen in fig. 11. ‘P’ = two 
processes closely adjacent in a longitudinal direction. ‘C?’ = discontinuous carina-like 
structure. Lateral view. Scale bar, 10 μm. 
 
Fig. 9, Ancyrochitina? sp. 7 
Specimen with ?bacteria on vesicle. Lateral view. Scale bar, 10 μm. Sample 0–+0.05 m; 
BBP1B2, stub 6, specimen number 4; middle murchisoni graptolite Biozone; margaritana 
chitinozoan Biozone. 
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PLATE 13 
 
Abbreviation: ‘E. F.’ = England Finder reference. 
 
Figs 1, 5, 9, Angochitina longicollis Eisenack 
Fig. 1, Lateral view. Scale bar, 50 μm. Sample +0.40–+0.45 m; BBP1D3, slide A; fraction, 
53 μm; E.F. D37; upper murchisoni graptolite Biozone; upper margaritana chitinozoan 
Biozone. 
Fig. 5, Lateral view. Scale bar, 50 μm. Sample 0–+0.05 m; BBP1B2, slide D; fraction, 53 
μm; E.F. P53/2; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
Fig. 9, Lateral view. Scale bar, 10 μm. Sample, 0–+0.05 m; BBP1B2, slide E; fraction, 10 
μm; E.F. L62/3; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
 
Fig. 2, Calpichitina densa (Eisenack)  
A chain of six joined specimens. Lateral view. Scale bar, 50 μm. Sample +2.80–+2.85 m; 
BBP12A2, slide A; fraction, 53 μm; E.F. U47; riccartonensis graptolite Biozone; bella 
chitinozoan Biozone. 
 
Figs 3–4, Cingulochitina? sp.  
Fig. 3, Lateral view. Scale bar, 10 μm. Sample +1.40–+1.45 m; BBP2D2, slide B; fraction, 
53 μm; E.F. Q39/1; middle part of the firmus graptolite Biozone; upper part of the 
bouniensis chitinozoan Biozone. 
Fig. 4, Lateral view. Scale bar, 50 μm. Sample +4.00–+4.05 m; BBP3C, slide A; fraction, 
53 μm; E.F. U30; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
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Fig. 6, Ancyrochitina sp.  
?apical view. Scale bar, 50 μm. Sample +4.00–+4.05 m; BBP3C, slide A; fraction, 53 μm; 
E.F. O44; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Figs 7, 14, Cingulochitina bouniensis Verniers 
Fig. 7, Lateral view. Scale bar, 10 μm. Sample +0.60–+0.65 m; BBP1E3, slide A; fraction, 
10 μm; E.F. K39/1; upper murchisoni graptolite Biozone; bouniensis chitinozoan Biozone. 
Fig. 14, Two linked specimens with elongate vesicles. Lateral view. Scale bar, 50 μm. 
Sample +0.60–+0.65 m; BBP1E3, slide A; fraction, 53 μm; E.F. C42/4; upper murchisoni 
graptolite Biozone; bouniensis chitinozoan Biozone. 
 
Fig. 8, Eisenackitina ithonensis Verniers 
Lateral view. Scale bar, 10 μm. Sample +0.60–+0.65 m; BBP1E3, slide A; fraction, 53 μm; 
E.F. J41; upper murchisoni graptolite Biozone; bouniensis chitinozoan Biozone. 
 
Fig. 10, Plectochitina pachyderma (Laufeld)? 
Lateral view. Scale bar, 10 μm. Sample +8.40–+8.45 m; BBP5D, slide A; fraction, 53 μm; 
E.F. Q40/3; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Fig. 11, Margachitina margaritana (Eisenack) 
Lateral view. Scale bar, 10 μm. Sample +0.10–+0.15 m; BBP6A, slide B; fraction, 53 μm; 
E.F. S54/2; upper murchisoni graptolite Biozone; upper margaritana chitinozoan Biozone. 
 
Figs 12, 16, Eisenackitina causiata Verniers 
Fig. 12, Lateral view. Scale bar, 50 μm. Sample +2.20–+2.25 m; BBP6F, slide A; fraction, 
53 μm; E.F. K35; upper part of the firmus graptolite Biozone; bella chitinozoan Biozone. 
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Fig. 16, Lateral view. Scale bar, 50 μm. Sample 0–+0.05 m; BBP1B2, slide B; fraction, 53 
μm; E.F. M47; middle murchisoni graptolite Biozone; margaritana chitinozoan Biozone. 
 
Fig. 13, Salopochitina bella? Swire 
Lateral view. Scale bar, 10 μm. Sample +4.00–+4.05 m; BBP3C, slide A; fraction, 10 μm; 
E.F. E28; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Figs 15, 22, Salopochitina bella Swire 
Fig. 15, Lateral view. Scale bar, 10 μm. Sample +4.00–+4.05 m; BBP3C, slide A; fraction, 
53 μm; E.F. K28; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
Fig. 22, Specimen with characteristic rugose processes. Lateral view. Scale bar, 50 μm. 
Sample +4.95–+5.00 m; BBP12G, slide B; fraction, 53 μm; E.F. K28/4; riccartonensis 
graptolite Biozone; bella chitinozoan Biozone. 
 
Fig. 17, Ancyrochitina ancyrea (Eisenack) 
Lateral view. Scale bar, 50 μm. Sample +0.20–+0.25 m; BBP1C2, slide D; fraction, 53 μm; 
E.F. H27/1; upper murchisoni graptolite Biozone; upper margaritana chitinozoan Biozone. 
 
Fig. 18, Linochitina? sp.  
Vesicle is claviform (L > 3D) with an apical structure tentatively interpreted herein as a 
copula. Lateral view. Scale bar, 10 μm. Sample +0.60–+0.65 m; BBP1E3, slide A; 
fraction, 10 μm; E.F. S41/3; upper murchisoni graptolite Biozone; bouniensis chitinozoan 
Biozone. 
 
Fig. 19, Pterochitina hughleyensis Mullins and Loydell 
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Oblique antipical view. Scale bar, 10 μm. Sample 0–+0.05 m; BBP1B2, slide C; fraction, 
53 μm; E.F. P56; middle murchisoni graptolite Biozone; margaritana chitinozoan 
Biozone.  
 
Fig. 20, Calpichitina acollaris (Eisenack) 
Lateral view. Scale bar, 10 μm. Sample +8.30–+8.35 m; BBP5C, slide C; fraction, 10 μm; 
E.F. T28/2; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Fig. 21, Fungochitina? sp.  
Lateral view. Scale bar, 10 μm. Sample +3.40–+3.45 m; BBP12B, slide A; fraction, 53 μm; 
E.F. Q36/2; riccartonensis graptolite Biozone; bella chitinozoan Biozone. 
 
Fig. 23, Conochitina flamma Laufeld 
Arrow points to a low carina. Lateral view. Scale bar, 50 μm. Sample +0.10–+0.15 m; 
BBP6A, slide E; fraction, 53 μm; E.F. Q42/2; upper murchisoni graptolite Biozone; upper 
margaritana chitinozoan Biozone. 
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CHAPTER 6: CHITINOZOAN BIOZONES AND 
CORRELATION.  
 
6.1. CHITINOZOAN BIOZONES ASSIGNED TO THE LOWER SHEINWOODIAN 
STRATA OF BUTTINGTON BRICK PIT. 
 
The lower Sheinwoodian strata of Buttington Brick Pit are assigned herein to three local 
chitinozoan biozones in assemblage order: the margaritana chitinozoan Biozone, the 
bouniensis chitinozoan Biozone and the bella chitinozoan Biozone. These local 
chitinozoan biozones can be recognised, or partially recognised, from other areas within 
the Welsh Basin, including the type area of the basal Wenlock (Swire 1993, Verniers 1999, 
Mullins and Loydell 2001, Mullins and Aldridge 2004), the Mehaigne area, Belgium (see 
Verniers 1982, Verniers et al. 2002), and the Prague Basin (Morávek 2009). Additionally, 
the local chitinozoan assemblage presented herein can be calibrated to the chitinozoan 
biozonation scheme of Nestor (1994) for the Baltic region. The local chitinozoan biozones 
recognised for the lower Wenlock of Buttington Brick Pit occur collectively within the 
margaritana ‘global’ chitinozoan Biozone, proposed for the early Wenlock by Verniers et 
al. (1995). The local chitinozoan biozones are significant as they allow for greater 
resolution and correlation at a local and regional level than the global chitinozoan 
biozonation scheme for the Silurian (Verniers et al. 1995). Independent stratigraphical 
control at Buttington Brick Pit was provided for the lower Sheinwoodian by the graptolite 
data of Loydell et al. (2014). Additionally, integration of the chitinozoan and graptolite 
biozones allows for correlation between deeper water and shallower water marine facies.  
The complete absolute abundance and relative abundance data for the chitinozoan 
assemblages discussed in this chapter are provided in appendices 89 (with ‘SEM count 
data’ provided in appendix 7). In the following discussion, specific abundance data are 
only referred to where considered significant.  
For details regarding the authorship of chitinozoan genera and species see appendix 10. 
Diagrams showing the stratigraphical occurrences of the chitinozoan taxa discussed below 
are provided (see figs 6.3 and 6.4). 
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Subdivision of graptolite and chitinozoan biozones into ‘upper-’ , ‘middle-’, and ‘lower-’ 
are ‘assemblage constrained’ subzones which, herein, are assigned only to the murchisoni 
graptolite Biozone and margaritana chitinozoan Biozone. Other biozone subdivisions used 
herein include ‘upper part of the-’, ‘middle part of the-’, and ‘lower part of the-’ which 
merely refer to the height of the section (see appendix 5 for more details). 
Taxa presented below as ‘characteristic species’ of specific chitinozoan biozones at 
Buttington Pit may have longer stratigraphical ranges and occur through several 
chitinozoan biozones in other localities/areas. The stratigraphical ranges of such taxa are 
comment upon in the appropriate ‘discussion’ section. Chitinozoans considered 
‘accompanying species’ have longer stratigraphical ranges, and can occur as assemblage 
components in multiple successive chitinozoan biozones at Buttington Brick Pit. All 
sample heights are given in metres above or below the base of the Butterley Mudstone 
Member. 
All biostratigraphical data presented within this chapter (except where stated otherwise) is 
derived from chitinozoan data from specimens picked from the 53 μm fraction and studied 
by SEM.  
 
6.2. THE MARGARITANA CHITINOZOAN BIOZONE (SEE VERNIERS 1999).  
 
The base of the margaritana chitinozoan Biozone is assigned to the level with the first 
occurrence of Margachitina margaritana (Eisenack). M. margaritana was observed from 
the lowermost sample of the section, corresponding to the topmost 0.05 m of the Butterley 
Mudstone Member (sample -0.05–0 m), within the middle murchisoni graptolite Biozone 
(Mullins and Loydell 2002, Loydell et al. 2014). Specimens of M. margaritana observed at 
this level likely do not represent the true first occurrence of this taxon at Buttington Brick 
Pit. The base of the margaritana chitinozoan Biozone has been shown to occur elsewhere 
within the Llandovery (e.g. insectus graptolite Biozone in the Banwy River section, Wales, 
Mullins 2000, Mullins and Loydell 2001; upper spiralis graptolite Biozone of the Ventspils 
D-3 drillcore, Latvia, Loydell and Nestor 2005; probable insectus graptolite Biozone in the 
Prague Basin, Bohemia, Dufka et al. 1995). The sampling at Buttington Brick Pit began in 
strata from within the middle murchisoni graptolite Biozone (i.e. lower Wenlock), which 
indicates a stratigraphical level within the margaritana chitinozoan Biozone. The first 
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occurrence of M. margaritana probably occurs within the 14.10 m interval between the 
topmost of the Butterley Member (sample -0.05–0 m herein) and sample ‘C’ of Mullins 
and Loydell (2002, fig. 2), the latter of which is assigned to the longicollis chitinozoan 
Biozone and correlates with the ‘middle to probably upper spiralis’ graptolite biozone of 
the upper Tarannon Shales Formation, upper Llandovery.  
 
6.2.1. EXTENT AND COMPOSITION OF ASSEMBLAGE. 
 
Strata assigned to the margaritana chitinozoan Biozone occur at levels at least as old as the 
middle murchisoni graptolite Biozone at Buttington Brick Pit. 
M. margaritana persists throughout the lower Wenlock samples in the section, but 
becomes less abundant and does not occur as consistently above +6.00–+6.05 m. From 
+8.00–+8.05 m (riccartonensis graptolite Biozone) a decrease in the diversity and absolute 
abundance of chitinozoans is observed that is maintained to the highest stratigraphical level 
investigated for palynomorphs (sample +12.00–+12.05 m). 
 
6.2.1.1. ‘Characteristic species’ of the margaritana chitinozoan Biozone at Buttington 
Brick Pit.  
 
A single occurrence of Plectochitina magna (pl. 10, fig. 14) occurs within this chitinozoan 
biozone (sample -0.05–0 m, = middle murchisoni graptolite Biozone). The two lowermost 
samples from the section contain both rare Ancyrochitina aff. ancyrea (pl. 11, figs 1–2) 
and low numbers of Ancyrochitina sp. 6 (pl. 12, figs 5, 8, 10; samples -0.05–0 m and 0–
+0.05 m, = middle murchisoni graptolite Biozone). The latter taxon occurs only 
questionably above these levels. A single occurrence of Plectochitina cf. pachyderma (pl. 
11, figs 7, 10), Ancyrochitina? sp. 1 (pl. 12, fig. 1), and Ancyrochitina? sp. 7 (pl. 12, fig. 9) 
were recorded from the lower part of the section (sample 0–+0.05 m, = middle murchisoni 
graptolite Biozone). A single occurrence of Bursachitina sp. 5 (pl. 2, fig. 8) was recorded 
from the upper margaritana chitinozoan Biozone (sample +0.40–+0.45 m, = upper 
murchisoni graptolite Biozone). A single specimen of Bursachitina? sp. 1 occurs in the 
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uppermost margaritana chitinozoan Biozone (pl. 1, fig. 11; sample +0.50–+0.55 m, = 
upper murchisoni graptolite Biozone). 
As part of an investigation of the microphytoplankton assemblages conducted using 
transmitted light microscopy (chapter 7), a single specimen of Conochitina flamma (pl. 13, 
fig. 23) was observed to occur in the margaritana chitinozoan Biozone (sample +0.10–
+0.15 m, = upper murchisoni Biozone, see ‘*’ in figs 6.3 and 6.4).  
 
6.2.1.2. ‘Accompanying species’ of the margaritana chitinozoan Biozone at Buttington 
Brick Pit. 
 
Eisenackitina causiata (pl. 5, figs 12–13; pl. 6, figs 1–3, 5; pl. 13, figs 12, 16), Angochitina 
longicollis (pl. 10, figs 1–10; pl. 13, figs 1, 5, 9), Pterochitina hughleyensis (pl. 3, figs 1–9, 
11–12; pl. 13, fig. 19), Ancyrochitina sp. (including Ancyrochitina ancyrea, pl. 11, fig. 5; 
pl. 23, fig. 17), and Conochitina sp. (including Conochitina proboscifera, pl. 9, figs 1–6, 
10; pl. 23, fig. 19) occur throughout the margaritana chitinozoan Biozone (as assigned to 
the section herein, figs 6.3 and 6.4).  
Calpichitina acollaris (pl. 1, figs 1–2; pl. 23, fig. 20) occurs at base of the section at the 
same level as a questionably identified specimen of Pterochitina macroptera (pl. 3, fig. 10; 
sample-0.05–0 m, = middle murchisoni graptolite Biozone). Ancyrochitina primitiva (pl. 
11, fig. 12) occurs in the lowermost sample and subsequently appears sporadically in lower 
numbers throughout the section (first appearance: sample -0.05–0 m, = middle murchisoni 
graptolite Biozone).  
A single and questionable occurrence of Cingulochitina burdinalensis (pl. 14, figs 13–14; 
sample 0–+0.05 m, = middle murchisoni graptolite Biozone) appears two chitinozoan 
biozones before the first unequivocal occurrence of this taxon within the bella chitinozoan 
Biozone. 
The first appearance of unequivocal Calpichitina densa (pl. 1, figs 3, 5–8) occurs within 
uppermost margaritana chitinozoan Biozone (sample +0.40–+0.45 m, = upper murchisoni 
graptolite Biozone). The first appearance of Bursachitina sp. 2 (pl. 2, figs 1–3) occurs 
within uppermost margaritana chitinozoan Biozone (sample +0.50–+0.55 m, = upper 
murchisoni graptolite Biozone). 
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6.2.2. CORRELATION AND DISCUSSION. 
 
Mullins and Loydell (2002, p. 96) considered the co-occurrence of M. margaritana and 
Conochitina flamma (sample ‘49/1’ therein) to indicate that strata at this level in 
Buttington Brick Pit are ‘situated towards the top of the margaritana and murchisoni 
biozones’. Sample ‘49/1’ of Mullins and Loydell (2002) is from +0.23–+0.43 m above the 
base of the Butterley Mudstone Member, with the lowest part of this sample equivalent to 
the uppermost 0.02 m of sample +0.20–+0.25 m herein. Within the study herein, Cono. 
flamma was recorded from a slightly lower stratigraphical level at +0.10–+0.15 m above 
the base of the Butterley Mudstone Member. Consequently, the upper part of the 
margaritana chitinozoan Biozone is assigned, herein, to this level (sample +0.10–+0.15 m) 
and strata beneath this in the section are simply referred to as undifferentiated margaritana 
chitinozoan Biozone (fig. 6.3).  
In the Banwy River section, Cono. flamma first occurs high in both the margaritana 
chitinozoan Biozone and the murchisoni graptolite Biozone (Mullins and Loydell 2001, 
fig. 7; sample ‘C+13.5’). At the Hughley Brook section the co-occurrence of Cono. flamma 
and M. margaritana is first recorded in two samples preceding the first occurrence of Cing. 
bouniensis, at a level interpreted as ‘upper margaritana’ chitinozoan Biozone (Mullins and 
Aldridge 2004). However, the lower part of the stratigraphical range of Cono. flamma may 
not be observed from the Hughley Brook section as this taxon first occurs in a sample 
succeeding only one other where chitinozoan data allows for the precise determination of a 
chitinozoan biozone.  
Verniers (1982, p. 28, 33) described forms of Conochitina acuminata from the Mehaigne 
area, Belgium, that possess ‘a sharp basal margin on which a ridge-like incipient carina can 
often be observed’  this is a characteristic feature of Cono. flamma, and as such the two 
taxa may be impossible to distinguish from one another. Accordingly, the stratigraphical 
range given for Cono. acuminata (late Llandovery–early Wenlock age) is an amalgam of 
the stratigraphical ranges of the two taxa, and as such the first occurrence of Cono. flamma 
cannot be determined satisfactorily (Mullins and Aldridge 2004, p. 776).  
Specimens illustrated as Conochitina cf. flamma from the Ohesaare drillcore by Nestor 
(1994, pl. 13, figs 7–8; depth, 342.2 m; and murchisoni graptolite Biozone, Loydell et al. 
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1998) are reinterpreted as Cono. flamma (Mullins and Aldridge 2004, p. 751) as they 
possess ‘angular basal margins and roughened bases with prominent mucrons’. However 
the specimens lack the short ridge-like carina on the basal margin characteristic of the true 
forms of Cono. flamma and as such the reassignment of these specimens to Cono. flamma 
is rejected herein. 
The stratigraphical range chart provided for chitinozoan occurrences within the Ruhnu 
(500) drillcore, Estonia, recorded an occurrence of ‘true’ Cono. flamma at 443.40 m within 
chitinozoan Interzone IV and riccartonensis graptolite Biozone (Nestor, in Põldvere 2003; 
appendix 14). However, Cono. flamma was not recorded on the stratigraphical range chart 
for the Ruhnu (500) drillcore in a subsequent review paper (Nestor 2005, fig. 4). Cono. 
flamma material is not illustrated from the Ruhnu (500) borehole and thus the accuracy of 
the identification cannot be confirmed.  
Cono. flamma was illustrated by Loydell et al. (2010; pl. 13, specimen ‘p’; depth, 575.0–
575.30 m) from the lower lapworthi graptolite Biozone of the Kolka-54 borehole, Latvia. 
Cono. flamma has a stratigraphical range from the acuminata chitinozoan Biozone through 
to the uppermost margaritana chitinozoan Biozone where the last occurrence of this taxon 
precedes the base of chitinozoan Interzone IV in the Kolka-54 drillcore (Loydell et al. 
2010, 575.00–575.30 m to 563.00–563.30 m; lower lapworthi graptolite Biozone to 
murchisoni graptolite Biozone). Furthermore, an illustrated specimen assigned to 
Conochitina aff. flamma Laufeld (Loydell et al. 2010; pl. 14, specimen ‘f’; depth, 540.0–
540.30 m) is confirmed as Cono. flamma herein. Specimens assigned to Cono. aff. flamma 
Laufeld have a stratigraphical range within the tuba chitinozoan Biozone (Loydell et al. 
2010; depth, 540.00–540.30 m to 537.30–537.60 m; ‘middle Wenlock’ in the graptolite 
biozonation scheme) and may constitute the upper stratigraphical range of Cono. flamma in 
the Kolka-54 drillcore.  
Specimens assigned to Cono. flamma from the Kaugatuma drillcore (illustrated material 
from the middle- to upper- margaritana chitinozoan Biozone of the Nestor 2005, pl. 2, fig. 
1; depth, 237.0–237.10 m, no graptolite data) and the Jaagarahu drillcore, Estonia 
(illustrated material from within the chitinozoan Interzone IV, Nestor 1993, pl. 2, fig. 5; 
depth, 28.6 m; no graptolite data) both possess a constriction just above the basal margin 
characteristic of Cono. flamma but lack the diagnostic ridge-like carina of this taxon  as 
such, this assignment to Cono. flamma is rejected herein. No other specimens attributed to 
Cono. flamma were illustrated, and the stratigraphical range of specimens assigned to 
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Cono. flamma is not provided for the Kaugatuma drillcore in a subsequent review paper 
(see Nestor 2005, fig. 3; note that the stratigraphical range of Cono. cf. flamma is provided 
therein). Additionally, it is Cono. cf. flamma that occurs at 28.6 m in the Jaagarahu 
drillcore (Nestor 1993, fig. 2) and a stratigraphical range for Cono. flamma is not provided. 
Laufeld (1974) reported Cono. flamma as restricted to the marly south-west facies of the 
Hogklint Formation (Upper Kockella ranuliformis–O. s. rhenana conodont biozones, 
Jeppsson 1997a; firmus–riccartonensis graptolite biozones, Loydell et al. 1998, 2003). For 
discussion on how correlation is achieved see Mullins and Aldridge 2004, p. 751).  
Cono. flamma was reported from the upper Telychian to Wenlock of Chaleurs Bay, 
Quebec, Canada (Asselin et al. 1989). A specimen illustrated as Cono. flamma, an opaque 
outline with fine detail indiscernible (Asselin et al. 1989, pl. 6, fig. 10), possesses a 
constriction above the basal margin suggesting affinity with Cono. flamma but the ridge-
like carina distinctive to this species cannot be observed. Consequently these specimens 
cannot be confirmed as Cono. flamma.  
Cono. flamma first occurs within the upper levels of the margaritana chitinozoan Biozone 
in the Welsh Basin (Mullins and Loydell 2001, Mullins and Aldridge 2004), but the 
stratigraphical level and nature of the first appearance of Cono. flamma in other regions is 
uncertain. An observation made by Mullins and Aldridge (2004, p. 751–752), who 
concluded that ‘specimens lacking the characteristic ridge-like carina of Cono. flamma 
Laufeld and having a rounded basal margin, like that of Cono. acuminata, have previously 
been included within this species. This has led to some references citing Cono. flamma as 
occurring in the uppermost Llandovery Series (see Mullins and Loydell 2001, p. 776)’. 
Such problems with this imprecise stratigraphical range are further compounded by 
misidentification, and occasional reinterpretation, between specimens assigned to Cono. 
flamma, Cono. aff. flamma, and Cono. cf. flamma, by various authors (see above). 
Furthermore, correlation between the first occurrence level(s) of Cono. flamma and the 
graptolite biozonation scheme is difficult in the Welsh Basin. In the Welsh Basin there is 
currently only one other locality apart from Buttington Brick Pit that exhibits both good 
graptolite biostratigraphical control and has the presence of unequivocal specimens of 
Cono. flamma – the Banwy River section (Mullins and Loydell 2001). Nonetheless, the 
integrated chitinozoan and graptolite data from the Banwy River section (Mullins and 
Loydell 2001) and Buttington Brick Pit (Mullins and Loydell 2002) agree and suggest that, 
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at least within the Welsh Basin, Cono. flamma first occurs at a level within the upper 
margaritana chitinozoan Biozone and upper murchisoni graptolite Biozone. 
Issues that hinder the consistent identification of Cono. flamma between chitinozoan 
workers may arise due to the original description of this taxon in Laufeld (1974). Laufeld 
(1974, p. 59) commented, within the description of the occurrence data for Cono. 
acuminata, that ‘long’ specimens, previously assigned to Cono. acuminata are therein 
attributed to a new species, Cono. flamma. However, within the description of Cono. 
flamma, Laufeld (1974, p. 6061) stated that Cono. flamma is distinguished from Cono. 
acuminata by a sharp basal margin with a ‘small sharp edge’ and a more slender vesicle. 
This ‘small sharp edge’ (Laufeld 1974, p. 60) has been subsequently interpreted as a carina 
by Verniers (1982), Mullins and Loydell (2001), and Mullins and Aldridge (2004). 
Furthermore, Laufeld (1974, p. 60) states that a slight constriction of the vesicle just above 
the basal margin is ‘characteristic’ of Cono. flamma, however, figured material assigned to 
Cono. flamma therein (Laufeld 1974, figs 23C and 23D) does not consistently show this 
feature (although this feature is present on the holotype material; Laufeld 1974, fig. 23A). 
For simplicity Cono. flamma is assigned to specimens herein with emphasis on the 
presence of a short, ridge-like carina. This is consistent with the holotype material and 
allows consistency with other studies (to date) where Cono. flamma is considered 
stratigraphically significant (e.g. Mullins and Loydell 2001, Mullins and Aldridge 2004). 
In the Hughley Brook section, Pterochitina hughleyensis Mullins and Aldridge first occurs 
at a level assigned to the upper margaritana chitinozoan Biozone (Mullins and Aldridge 
2004, sample ‘25/38’), only two samples above levels where chitinozoan data are too 
imprecise for stratigraphical determination. Pter. hughleyensis occurs within the lowermost 
sample studied for palynomorphs herein, so light cannot be shed on the lower part of this 
species’ stratigraphical range at Buttington Brick Pit.  
Both Ancyrochitina aff. ancyrea and Plectochitina magna have longer stratigraphical 
ranges than their occurrence at Buttington Brick Pit suggests. For example, Ancyrochitina 
aff. ancyrea occurs from the Llandovery–Wenlock boundary to middle Wenlock in the 
Baltic region (Nestor 1994). In the Baltic region, Plectochitina magna occurs from the 
proboscifera to acuminata chitinozoan biozones in the Viki drillcore (Nestor 2005, fig. 2) 
and within the margaritana chitinozoan Biozone within the Kaugatuma drillcore (Nestor 
2005, fig. 3).  
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6.3. THE BOUNIENSIS CHITINOZOAN BIOZONE (SEE MULLINS AND 
LOYDELL 2001). 
 
The margaritana chitinozoan Biozone is succeeded by the bouniensis chitinozoan 
Biozone, with the base of the latter biozone defined as the level at which the first 
appearance of Cingulochitina bouniensis Verniers occurs (Mullins and Loydell 2001; 
+0.55–+0.60 m herein). At Buttington Brick Pit, the base of the bouniensis chitinozoan 
Biozone correlates with the upper murchisoni graptolite Biozone and the top of this 
biozone correlates with the middle part of the firmus graptolite biozone. 
 
6.3.1. EXTENT AND COMPOSITION OF ASSEMBLAGE. 
 
Cingulochitina bouniensis (pl. 4, figs 1–12; pl. 13, figs 7, 14) occurs first in low numbers 
(two specimens constitute 1.35 % of chitinozoan assemblage in sample +0.55–+0.60 m, = 
upper murchisoni graptolite Biozone) but rapidly increases in abundance in the succeeding 
sample with Cing. bouniensis comprising 19.33 % of the chitinozoan assemblage (sample 
+0.60–+0.65 m).  
 
6.3.1.1. ‘Characteristic species’ of the bouniensis chitinozoan Biozone at Buttington 
Brick Pit. 
 
A single specimen assigned to Conochitina acuminata is observed from the lowermost 
bouniensis chitinozoan Biozone (pl. 9 fig. 7; sample +0.55–+0.60 m, = upper murchisoni 
graptolite Biozone). In lower part of the bouniensis chitinozoan Biozone two specimens 
assigned questionably to Eisenackitina anulifera were observed from the section (sample 
+0.55–+0.60 m, = upper murchisoni graptolite Biozone). 
Three taxa have a single occurrence confined to the lower part of the bouniensis 
chitinozoan Biozone (= upper murchisoni graptolite Biozone) at Buttington Brick Pit; 
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Linochitina cf. odiosa (pl. 5 figs 9–10; sample +0.60–+ 0.65 m), Belonechitina sp. 1 (pl. 
10, figs 11–12), and Ancyrochitina sp. 4 (pl. 12 fig. 6; the latter taxa both from sample 
+0.80–+0.85 m). These three taxa are currently only identified from single specimens from 
Buttington Brick Pit, and consequently their stratigraphical significance is uncertain at 
present. A single specimen assigned questionably to Calpichitina opaca occurs in the 
middle part of the bouniensis chitinozoan Biozone (sample +0.95–+1.00 m, = lower part of 
the firmus graptolite Biozone). 
Two taxa that have a single occurrence confined to the upper part of the bouniensis 
chitinozoan biozone (both from sample +1.40–+1.45 m, = middle part of the firmus 
graptolite Biozone) are Bursachitina sp. 3 (pl. 2 figs 5–6) and a specimen assigned 
questionably to Eisenackitina varireticulata sensu Mullins and Aldridge (2004, pl. 7, fig. 2 
only therein, = bella chitinozoan Biozone therein). The latter taxon possesses a poorly 
developed mesh-like ornament with the majority of the vesicle ornament dominated by 
short spines. 
A single specimen assigned to Eisenackitina aff. anulifera (pl. 6, fig. 9) occurs in the 
uppermost bouniensis chitinozoan biozone (sample +1.45–+1.50 m, = middle part of the 
firmus graptolite Biozone).  
 
6.3.1.2. ‘Accompanying species’ of the bouniensis chitinozoan Biozone at Buttington 
Brick Pit. 
 
Chitinozoan assemblages within the bouniensis chitinozoan Biozone are dominated by 
Conochitina sp., Ancyrochitina sp., and Eisenackitina sp. (including Eisenackitina 
causiata). Angochitina longicollis is a numerous component of the assemblage until its 
disappearance within the lower part of this biozone. M. margaritana occurs consistently 
throughout the bouniensis chitinozoan Biozone. Calpichitina sp., particularly Calp. densa, 
occurs throughout the biozone.  
Linochitina odiosa (pl. 5, figs 7–8) first occurs in lower part of the bouniensis chitinozoan 
Biozone (sample +0.60–+0.65 m, = upper murchisoni graptolite Biozone) but is absent 
throughout the remainder of the biozone until its reappearance within the bella chitinozoan 
biozone. 
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Bursachitina conica (pl. 1, figs 9–10) first occurs in the middle part of the bouniensis 
chitinozoan Biozone (sample +0.95–+1.00 m, = lower part of the firmus graptolite 
Biozone).  
In the middle part of the bouniensis chitinozoan Biozone Angochitina longicollis (pl. 10, 
figs 1–10; pl. 13, figs 1, 5, 9) reaches its highest relative abundance over two samples 
(sample +0.95 m–+1.00 m; 28.41 % of the chitinozoan assemblage, and sample +1.00 m–
+1.05 m; 42.67 % of chitinozoan assemblage; = lower part of the firmus graptolite 
Biozone) before abruptly disappearing. The last occurrence of Conochitina visbyensis is at 
the same level as the last appearance of Ango. longicollis (at sample +1.00 m–+1.05 m, = 
lower part of the firmus graptolite Biozone).  
Ancyrochitina gutnica (pl. 11, fig. 11) and Conochitina praeproboscifera (pl. 9, figs 8–9) 
first occur in the upper part of the bouniensis chitinozoan Biozone (sample +1.40–+1.45 m, 
= middle part of the firmus graptolite Biozone). 
 
6.3.2 CORRELATION AND DISCUSSION. 
 
In the Banwy River section, Cing. bouniensis first appears at a level within the upper 
murchisoni graptolite Biozone and this first occurrence is taken by Mullins and Loydell 
(2001) to assign the base of a local bouniensis chitinozoan Biozone at this locality.  
Unfortunately, the nature of the graptolite biostratigraphy in the Builth Wells district 
means that the first appearance of Cing. bouniensis in the Ithon East section (Verniers 
1999, sample ‘K26C’) is correlated to a level reported by Zalasiewicz and Williams (1999) 
as ‘murchisoni??’ (not italicised therein). Cing. bouniensis first appears two samples below 
the stratigraphically lowest sample assigned to confirmed riccartonensis graptolite 
Biozone (sample ‘K28’ of Verniers 1999, Zalasiewicz and Williams 1999).  
The paucity of graptolites at the Hughley Brook GSSP means that the first appearance of 
Cing. bouniensis cannot be constrained by a graptolite biostratigraphical control at the 
Hughley Brook section (Mullins and Aldridge 2004). The first occurrence of Cing. 
bouniensis allowed the base of a local bouniensis chitinozoan Biozone the be assigned at 
this locality (Mullins and Aldridge 2004, sample ‘25/40’). 
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Atypical forms of Cing. bouniensis with a rugose ornament are reported (as 
‘Cingulochitina sp. B’) from the upper Llandovery in the Mehaigne area, Belgium 
(Verniers 1982). Rugose forms of this taxon are illustrated by Verniers (1982, pl. 7, fig. 
149) and interpreted as possessing a ‘very small cingulum at the base near the protruding 
mucron’. However, these apical structures were reinterpreted by Mullins and Loydell 
(2001, p. 775) as ‘probably a mucron arising from a protruding hemispherical structure on 
the base similar to those seen in the upper Telychian Bursachitina nestorae’ (see Mullins 
and Loydell 2001, pl. 1, figs 6–14). Unfortunately it is difficult to determine the precise 
nature of the apical structures from the illustrations in Verniers (1982). Consequently, no 
further comment can be made herein regarding the relationship between atypical 
specimens of Verniers’ ‘Cingulochitina sp. B’, Cing. bouniensis, and Bursachitina 
nestorae Mullins and Loydell. The first true specimens of Cing. bouniensis occur at a level 
above known ‘centrifugus or murchisoni’ graptolite Biozone in sample ‘CD-20/224’, 
Formation MB 4 (Verniers and Rickards 1978; Verniers 1982, 1999). Cing. bouniensis is 
not currently reported from other localities from the Brabant Massif (Verniers et al. 2002).  
Unillustrated specimens of Cing. bouniensis are reported as first occurring in strata 
assigned to the uppermost murchisoni graptolite Biozone in the Aizpute-41 drillcore, 
Latvia (Loydell et al. 2003). It should be noted that the sample assigned to the murchisoni 
graptolite Biozone occurs below the first occurrence of Cing. bouniensis whereas the first 
occurrence of Monograptus firmus, the graptolite biozonal taxon for the succeeding 
graptolite biozone, appears in the succeeding sample. Consequently the murchisoni–firmus 
biozonal boundary occurs between these two samples and the first occurrence of Cing. 
bouniensis potentially correlates at a level within the firmus graptolite Biozone (Loydell et 
al. 2003, fig. 12). 
Originally reported as ‘Cingulochitina? sp.’ by Nestor (in Põldvere 2003), specimens of 
Cing. bouniensis were subsequently recognised and illustrated from the Ruhnu (500) 
drillcore (Nestor 2005, appendix 14 and pl. 3, fig. 13, chain of 4 vesicles; depth, 451.00 m) 
within the uppermost margaritana chitinozoan Biozone (depth 451.00 m) in the sample 
preceding the base of her chitinozoan Interzone IV (the base of which is at depth 448.60 
m). Nestor (in Põldvere 2003, Nestor 2005) reports the first appearance of Cing. bouniensis 
as correlated within the murchisoni graptolite Biozone. A reappraisal of the graptolite data 
presented for the Ruhnu (500) core suggests that this level is more accurately assigned only 
to the ‘early Wenlock’ due to the presence of Cyrtograptids and absence of more specific 
age-diagnostic early Sheinwoodian graptolite taxa (Põldvere 2003, appendix 18 therein). 
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An illustrated specimen assigned to Cing. bouniensis by Grahn et al. (2005, pl. 1, fig. 1) 
from the Llandovery strata of the lower Jaicós Formation, Serra Grande Group, Parnaíba 
Basin, northeast Brazil (Well 1-BJ-1-PA, core 49; depth 1689.90–1692.20 m), lacks the 
very well-rounded basal margin and short, ridge-like carina diagnostic of true Cing. 
bouniensis, and possesses a sharp basal margin and a button-like mucron. The assignment 
of this specimen to Cing. bouniensis is rejected herein. 
Specimens of Cing. bouniensis from a temporarily locality at Bykoš, the Prague Basin, are 
illustrated by Morávek (2009; pl. 2, figs 99a; pl. 7, fig. 5). This taxon was reported from 
strata with no graptolite biostratigraphical control. Accordingly, the biostratigraphical 
significance of the appearance of this taxon is uncertain within the Prague Basin. 
Cing. bouniensis is recognised from Eastern Avalonia (Welsh Basin, Belgium), the Baltic 
region (Latvia), and peri-Gondwana (the Prague Basin), and the potential for interregional 
correlation has yet to be investigated fully. The appearance of Cing. bouniensis within the 
upper murchisoni graptolite Biozone at Buttington Brick Pit agrees well with the integrated 
chitinozoan and graptolite biostratigraphical schemes constructed for the Banwy River 
section, U.K. (Mullins and Loydell 2001) and probably for the Aizpute-41 drillcore, Latvia 
(Loydell et al. 2003). The lower part of the bouniensis chitinozoan Biozone can be 
recognised from correlation with the upper murchisoni graptolite Biozone within the 
Welsh Basin, at least (Mullins and Loydell 2001). However, present understanding of this 
chitinozoan biozone does not allow it to be subdivided by chitinozoan assemblage changes, 
or the stratigraphical occurrences of short-ranging taxa, occurring within the bouniensis 
chitinozoan Biozone. 
The level succeeding the last occurrence of Angochitina longicollis is assigned to the base 
of chitinozoan Interzone IV in east Baltic sections and drillcore (Nestor 1994, Nestor et al. 
2002, Nestor 2012). At Buttington Brick Pit the base of Interzone IV is recognised 0.25 m 
above the base of firmus graptolite Biozone at sample +1.20–+1.25 m, in the middle part of 
the bouniensis chitinozoan Biozone. The disappearance of Ango. longicollis in lower part 
of the firmus graptolite Biozone at Buttington Brick Pit agrees with approximate 
correlation between the base of the firmus graptolite Biozone and the base of Interzone IV 
in the Kolka-54 drillcore (Loydell et al. 2010), Ohesaare drillcore (Loydell et al. 1998, 
Nestor 2005), and Aizpute-41 drillcore (Loydell et al. 2003). 
The disappearance of Ango. longicollis at Buttington Brick Pit is considered a genuine last 
occurrence for several reason. Firstly, Ango. longicollis is a readily identifiable species. 
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Secondly, shortly before its disappearance in the section, this taxon increases in number 
and has its highest relative and absolute abundance before abruptly disappearing. Thirdly, 
no specimens are assigned questionably to Ango. longicollis at levels immediately above 
the level of disappearance of this taxon in the section, and chitinozoan preservation is 
moderately good at these levels. Fourthly, the section has been investigated for 
palynomorph assemblages at high resolution for several meters above the level of this 
taxon’s disappearance by both scanning electron microscopy and thin section analysis (figs 
6.3 and 6.4).  
In the Baltic region, Interzone IV is associated with a stepwise decline in chitinozoan 
diversity (Nestor 1994). The disappearance of Ango. longicollis at Buttington Brick Pit is 
not associated with a decline in the diversity of chitinozoans at the same level or 
immediately succeeding levels (figs 3.1, 6.3, and 6.4). The only other chitinozoan taxon to 
disappear within the middle part of the bouniensis chitinozoan Biozone is Eisenackitina 
visbyensis which is rare at Buttington Brick Pit and occurs inconsistently within the 
section. Consistent and major decline in the diversity of chitinozoans is not recognised 
until higher in the section within the bella chitinozoan Biozone (from sample +8.00–+8.05 
m).  
Loydell et al. (2003) proposed that Interzone IV, with its associated low diversity of 
chitinozoans, is an interval equivalent to the bella chitinozoan Biozone in the Banwy River 
section that contains Ango. longicollis in both firmus and riccartonensis graptolite 
biozones (Mullins and Loydell 2001). Although there is a decrease in chitinozoan diversity 
and abundance within the bella chitinozoan Biozone at Buttington Brick Pit, the base of 
Interzone IV occurs stratigraphically lower, within the middle part of the bouniensis 
chitinozoan Biozone. The disappearance of Ango. longicollis within the middle part of the 
bouniensis chitinozoan Biozone, and subsequent chitinozoan diversity decrease in, at least, 
the lower part of the bella chitinozoan Biozone represents the interval equivalent of 
Interzone IV (Nestor 1994) in Buttington Brick Pit. 
In the Banwy River section the stratigraphically highest samples studied for palynomorph 
content contain Ango. longicollis in bella chitinozoan Biozone and riccartonensis 
graptolite Biozone (Mullins and Loydell 2001, text-fig. 7, sample ‘C+30’). Consequently, 
the upper part of the stratigraphical range of this taxon is not known from the Banwy River 
section. In the Builth Wells district the last Ango. longicollis is reported from burdinalensis 
chitinozoan Biozone (reinterpreted as last occurring within bella chitinozoan Biozone 
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herein) and riccartonensis graptolite Biozone (Verniers 1999, text-fig. 2, sample ‘N33B’, 
Trecoed section). At the Hughley Brook section the highest stratigraphical levels at which 
Ango. longicollis occurs correlate to bouniensis chitinozoan Biozone (Sample ‘25/44’, no 
graptolite data). However, only two stratigraphically higher levels were investigated for 
palynomorph content at the Hughley Brook section so the complete stratigraphical range of 
this taxon at the locality may not be known. 
A potential diachrony in the early part of the stratigraphical range of Ango. longicollis is 
discussed by Mullins and Loydell (2001). The disappearance of Ango. longicollis on the 
mid-shelf at Buttington is not coeval with more distal sections (i.e. the Banwy River 
section) where this taxon appears to have younger upper levels to its stratigraphical range. 
It is suggested herein that this species’ distribution may be facies controlled over the early 
Sheinwoodian by falling / low sea-level, in at least the Welsh Basin, from high sea-level in 
the murchisoni graptolite biozone to falling/low sea-level through firmus graptolite 
Biozone and the lower riccartonensis graptolite Biozone (Loydell 1998) (for further 
discussion see section ‘7.15.’ herein).  
Conochitina acuminata and Eisenackitina aff. anulifera are both known to have a larger 
stratigraphical range than that observed in Buttington Brick Pit. For example, E. aff. 
anulifera occurs from the lapworthi to murchisoni graptolite biozones in the Banwy River 
section (Mullins and Loydell 2001). The first appearance of Cono. acuminata defines the 
eponymous chitinozoan biozone within the Llandovery (see Nestor 1994, p. 127). 
 
6.4. THE BELLA CHITINOZOAN BIOZONE (SEE MULLINS AND LOYDELL 
2001). 
 
The base of the bella chitinozoan Biozone is recognised from the first occurrence of 
Salopochitina bella Swire (Mullins and Loydell 2001; sample 1.50 m–+1.55 m herein). 
The bella chitinozoan Biozone occurs from the middle part of the firmus graptolite 
Biozone to, at least, the riccartonensis graptolite Biozone at Buttington Brick Pit.  
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6.4.1. EXTENT AND COMPOSITION OF ASSEMBLAGE. 
 
Specimens of Salop. bella with a smooth, glabrous (= ‘state of the vesicle surface when 
lacking spiny ornamentation’, Paris et al. 1999, p. 552) vesicle, and specimens attributed to 
this species that possess an ornamented vesicle, first occur in the middle part of the firmus 
graptolite Biozone (sample +1.50–+1.55 m). Both ornamented and unornamented 
specimens assigned to Salop. bella are last observed within the upper parts of the section at 
levels within the riccartonensis graptolite Biozone (sample +10.00–+10.05 m and sample 
+7.00–+7.05 m respectively). The top of this biozone is not recognised at Buttington Brick 
Pit and the upper part of the stratigraphical extent of this taxon in the Welsh Basin is 
uncertain (see discussion below). Salopochitina? sp. 1, morphologically very similar to 
Salop. bella, first occurs at the same level as Salop. bella in Buttington Brick Pit (sample 
+1.50–+1.55 m, = middle firmus graptolite Biozone) and has its last occurrence within the 
riccartonensis graptolite Biozone (sample +7.0–+7.05 m). 
 
6.4.1.1. 'Characteristic species' of the bella chitinozoan Biozone at Buttington Brick Pit. 
 
A single specimen of Bursachitina sp. 6 (pl. 2, fig. 10) occurs in the lowermost bella 
chitinozoan Biozone (sample +1.50 m–+1.55 m = middle part of the firmus graptolite 
Biozone). A single specimen of Calpichitina sp. 1 (pl. 1, fig. 4) occurs in the lower part of 
the bella chitinozoan Biozone (sample +1.80–+1.85 m, = upper part of the firmus 
graptolite Biozone).  
Rare Conochitina aff. tuba (pl. 10, figs 16–17) first occurs in the upper part of the firmus 
graptolite Biozone (sample +2.00–+2.05 m) and last occurs in the lower part of the 
riccartonensis graptolite Biozone (sample +3.00–+3.05 m). 
A single specimen of Margachitina banwyensis (pl. 5, fig. 11) occurs in the lower part of 
the bella chitinozoan Biozone (sample +2.00–+2.05 m, = upper part of the firmus 
graptolite Biozone). The first appearance of Eisenackitina ithonensis (pl. 6, figs 6, 8; pl. 
13, fig. 8) occurs at the same level (sample +2.00–+2.05 m) and this taxon last occurs 
within the riccartonensis graptolite Biozone (sample +6.00–+6.05 m). Rare specimens 
questionably assigned to Eisenackitina inanulifera (pl. 6, fig. 4) sporadically occur from 
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the upper part of the firmus graptolite Biozone (+2.00–+2.05 m) until the riccartonensis 
graptolite Biozone (sample +9.00–+9.05 m).  
A single specimen of Ancyrochitina sp. 2 (pl. 12, fig. 2) occurs in the lower part of the 
riccartonensis graptolite Biozone (sample +3.00–+3.05 m). A single specimen assigned to 
Salopochitina cf. bella (pl. 7, figs 11–12) and two specimens of Bursachitina sp. 4 (pl. 2, 
figs 7,9) are recognised from levels low within the riccartonensis graptolite Biozone 
(sample +4.00–+4.05 m). 
Rare specimens assigned questionably to Plectochitina pachyderma (pl. 11, fig. 6) occur 
sporadically within the bella chitinozoan Biozone and first occur at levels low within the 
riccartonensis graptolite Biozone (sample +4.00–+4.05 m). 
Lagenochitina sp. 1 (pl. 8, figs 14–15) and single specimens of Ancyrochitina sp. 3, 
Ancyrochitina? sp. 5 (pl. 12, figs 7, 11), and a specimen assigned questionably to 
Ancyrochitina sp. 6 (pl. 12, figs 5, 8, 10) occur within the riccartonensis graptolite 
Biozone (all in sample +5.00–+5.05 m).  
Ancyrochitina desmea (pl. 11, figs 8–9) first occurs within the riccartonensis graptolite 
biozone (sample +7.00–+7.05 m), with a specimen assigned questionably to this species 
occurring at a lower stratigraphical level within riccartonensis graptolite Biozone (sample 
+5.00–+5.05 m).  
Single specimens of Eisenackitina sp. 1 sensu Mullins and Loydell (2001) (pl. 1, fig. 13) 
and Ramochitina? sp. (pl. 1, fig. 12) occur within the riccartonensis graptolite Biozone 
(sample +6.00–+6.05 m); though specimens attributed questionably to the latter genus 
occur in the upper part of the firmus and riccartonensis graptolite biozones (sample +2.00–
+2.05 m and sample +7.00–+7.05 m respectively).  
 
6.4.1.2. ‘Accompanying species' of the bella chitinozoan Biozone at Buttington Brick 
Pit. 
 
Linochitina odiosa (pl. 5, figs 7–8) occurs in the lowermost bella chitinozoan Biozone, and 
in low numbers in the succeeding sample (samples +1.55–+1.60 m and +1.60–+1.65 m, = 
middle part of the firmus graptolite Biozone). Unequivocal Cingulochitina burdinalensis 
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(pl. 4, figs 13–14) appears in the lower part of the bella chitinozoan Biozone (sample 
+1.60–+1.65 m, = middle part of the firmus graptolite Biozone).  
Cing. bouniensis disappears in lower part of the bella chitinozoan Biozone (sample +1.60–
+1.65, = middle part of the firmus graptolite Biozone). The last appearance of both Ptero. 
hughleyensis (pl. 3, figs 1–9, 11–12; pl. 13. fig. 19) and rare Cono. praeproboscifera (pl. 9, 
figs 8–9) occurs within the bella chitinozoan Biozone (sample +2.00–+2.05 m, = upper 
part of the firmus graptolite Biozone). 
Unequivocal specimens of Eisenackitina varireticulata (pl. 6, figs 7, 10–12) occur only 
low in the riccartonensis graptolite Biozone (sample +4.00–+4.05 m and sample +5.00–
+5.05 m). Specimens that are questionably assigned, however, have a longer stratigraphical 
range from the middle bouniensis (sample +0.95–+1.00 m, = lower firmus graptolite 
Biozone) to bella chitinozoan biozones (sample +9.00–+9.05 m, = riccartonensis graptolite 
Biozone). A single specimen of a form of E. varireticulata with a spinous and reduced 
mesh-like vesicle ornament (herein referred to as ‘Eisenackitina varireticulata sensu 
Mullins and Aldridge 2004, pl. 7, fig. 2 only’) from the upper part of the bouniensis 
chitinozoan Biozone is treated separately as it does not possess the distinctive well-
developed ornament that characterises E. varireticulata (sample +1.40–+1.45 m, = middle 
part of the firmus graptolite Biozone). 
Rare Bursachitina sp. 2 (pl. 2, figs 1–3) reappears in the bella chitinozoan Biozone 
(present in sample +7.00–+7.05 m, and sample +9.00–+9.05 m; both riccartonensis 
graptolite Biozone).  
The last unequivocal specimen of Ancyrochitina convexa (pl. 11, fig. 4) occurs within the 
riccartonensis graptolite Biozone (sample +5.00–+5.05 m). The last unequivocal 
Eisenackitina causiata occurs within the riccartonensis graptolite Biozone (sample +5.00–
+5.05 m) with specimens assigned questionably last occurring in stratigraphically higher 
samples within the riccartonensis graptolite Biozone (sample +8.00–+8.05 m). M. 
margaritana (pl. 5, figs 2–6; pl. 13, fig. 11) occurs consistently throughout the bella 
chitinozoan Biozone until sample +6.00–+6.05 m (= riccartonensis graptolite Biozone), 
above this level this taxon occurs sporadically in low numbers until the top of the section. 
The last occurrence of Conochitina proboscifera (pl. 9, figs 1–6, 10; pl. 13, figs 19–20) 
occurs within the riccartonensis graptolite Biozone (sample +6.00–+6.05 m) with 
questionable occurrences until higher within the same biozone (sample +8.00–+8.05 m). 
The abundance and diversity of species of Conochitina decreases at levels above sample 
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+4.00–+4.05 m (= lower part of the riccartonensis graptolite Biozone). Saharochitina sp. 
decreases in abundance within the riccartonensis graptolite Biozone (sample +7.00–+7.05 
m). Rare Ancyrochitina primitiva (pl. 11, fig. 12) occurs sporadically throughout the 
section and last occurs within the riccartonensis graptolite Biozone (sample +7.00–+7.05 
m). 
From sample +8.00–+8.05 m and above, chitinozoan abundance and diversity appears to 
decreases within the bella chitinozoan Biozone (= riccartonensis graptolite Biozone) (figs 
3.1, 6.3, and 6.4). 
 
6.4.2. CORRELATION AND DISCUSSION. 
 
In order to facilitate the discussion in this section, two plates are provided (plates A and B) 
with reproductions of the original illustrated material discussed below. Where possible and 
appropriate, Salop. bella material was reimaged herein. When figures could not be 
reproduced to an appropriate standard (e.g. copies of the original work of sufficient quality 
are unavailable) they are omitted and only the reference is provided herein. References of 
the original work are provided in the plates descriptions. 
Salopochitina bella was erected and described by Swire (1990) for specimens from the 
Lower Hill Farm borehole in the Wenlock type area (see table 4.1). In the Lower Hill Farm 
borehole this species is reported as first occurring at a stratigraphical level assigned to the 
centrifugus graptolite Biozone (Swire 1990, 1993; 228.68–236.07 m). However, the 
graptolite data provided by Bassett et al. (1975, fig. 3) cannot be correlated to a specific 
graptolite biozone at this level as the graptolite assemblage consisted only of dendroid 
fragments, equivocal Monoclimacis sp., and an indeterminate monograptid.  
Specimens assigned to Salop. bella from the Lower Hill Farm borehole and the BGS 
Eastnor Park borehole are illustrated by scanning electron micrograph (Swire 1990, pl. 1, 
figs 4–5, 7; reproduced in pl. A, figs 9, 14, 17 herein) and transmitted light 
microphotography (Swire 1990, pl. 2, figs 1–3; reproduced in pl. A, figs 6–8 herein). 
Importantly, the holotype (Swire 1990; pl. 2, fig. 3; reproduced in pl. A, fig. 8 herein) was 
illustrated by transmitted light microphotography which is unfortunate as the very opaque 
nature of the specimen and limited depth of field in the micrograph plate does not allow for 
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two important features to be distinguished: (1) the presence and nature/absence of fine 
ornament on the vesicle surface, and (2) the presence and nature/absence of apical features.  
 
Table 6.1, Description of Salopochitina bella reproduced verbatim from Swire (1990, p. 109–110). 
Salopochitina bella Swire, 1990 
Derivation 
of name 
‘Bella, Latin adjective for beautiful.’ 
Holotype ‘MPK 5913. Plate 2, fig. 3; MPA 26083, C2, P50/ 2. BGS Lower Hill 
Farm borehole, Shropshire (SO 5817 9788).’ 
Occurrence ‘Sheinwoodian, Buildwas Formation, BGS Lower Hill Farm 
borehole, Shropshire; Sheinwoodian, Woolhope Limestone, BGS 
Eastnor Park borehole, Hereford and Worcester.’ 
Diagnosis ‘The vesicle is subconical to ovoid with a broadly rounded base. The 
flexure, when present, is shallow and concave. The short neck widens 
orally and possesses a collar. There are one to three solid elongated 
appendices attached to the centre of the base or the basal margin of 
the vesicle; these appendices are up to twice as long as the vesicle 
and are widest where they join the base. The vesicle is 
unornamented.’ 
Dimensions 
(μm) 
‘Length of vesicle, 80–140 (holotype 130); maximum width of base, 
55–90 (holotype 72); width of aperture, 30–53 (holotype 44); 
maximum length of appendix, 30–250 (holotype 190); specimens 
measured, 110.’ 
Description ‘The appendices are not branched, and apart from broadening 
proximally to their connection to the vesicle, are of equal width for 
their entire length, distal terminations of the appendices are generally 
blunt and rounded. When one appendix only is present, it is attached 
to the centre of the base; when two or three are present, they are 
attached to the basal margin of the vesicle. The appendices may 
possess a rugose ornament.’ 
Remarks ‘The differing number of appendices can be accounted for by 
intraspecific variation; this is indicated by a morphotype (plate 2, fig. 
1) that possesses one incipient appendix and two longer appendices. 
A similar stratigraphical occurrence for all the different types 
supports this idea. The most similar species are Ancyrochitina 
longicornis and Ancyrochitina nodosa Taugourdeau & De 
Jekhowsky, 1960. Ancyrochitina longicornis has one long appendix 
attached to the centre of the vesicle, and A. nodosa has three which 
are attached to the basal margin. In both species the appendices are 
also of the same width for their entire length. The taxa differ from 
Salopochitina gen. nov. in the shape of the vesicle which in S. bella 
sp. nov. is subconical and in A. longicornis and A. nodosa is cylindro-
spherical. Further difference between these forms is that in A. 
longicornis and A. nodosa the appendices are hollow, whereas in S. 
bella sp. nov. they are solid.’ 
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Swire (1990) illustrated specimens of Salop. bella that possess a surface ornament despite 
describing the vesicle surface of Salop. bella as ‘smooth’ (see table 6.1). A specimen 
assigned to Salop. bella that possesses an unornamented vesicle surface (Swire 1990, pl. 1, 
fig. 4; sample ‘MPA 26083’; depth, 234.57–236.07 m; reproduced in pl. A, fig. 9 herein) 
and a specimen of Salop. bella that appears to be granulate with structures that are possibly 
tubercles just above, and parallel to, the basal margin (Swire 1990, pl. 1, fig. 5; reproduced 
in pl. A, fig. 14 herein) occur in the same sample at the level which Salop. bella is first 
recorded from in the Lower Hill Farm borehole. This suggests that the first occurrence of 
forms of Salop. bella with unornamented or ornamented vesicle surfaces is coincident in 
the Wenlock type area. However, Salop. bella first occurs in the sample succeeding the 
lowest level sampled in the Lower Hill Farm borehole and the presence of this taxon in 
underlying strata cannot be excluded.  
Illustrated material showing the attachment of an appendix to basal margin of a specimen 
assigned to Salop. bella from the BGS Eastnor Park Borehole (Swire 1990, p. 1, fig. 7; 
sample ‘MPA 28410’; depth, 39.60 m; reproduced in pl. A, fig. 17 herein) shows grana and 
short rugae on the lower flanks of the vesicle at the basal margin. An illustration was not 
provided of the complete specimen and so the identification as Salop. bella cannot be 
confirmed and the extent of the ornament of the vesicle surface is not known. 
Very dark and opaque specimens of Salop. bella (Swire 1990, pl. 2, fig. 1–3; reproduced in 
pl. A, figs 6–8 herein) were illustrated by transmitted light microphotography from the 
Lower Hill Farm borehole (all from sample ‘MPA 26083’; depth, 234.57–236.07 m). The 
morphological features of a specimen described as possessing ‘one long appendix which is 
attached to the centre of the base of the vesicle [and an appendix that is] damaged and has 
developed a small split near to the attachment’ by Swire (1990; pl. 2, fig. 2; reproduced in 
pl. A, figs 7 herein) are difficult to confirm. This is due to the very opaque nature of the 
specimens and the depth of view which make it difficult to ascertain that the process 
attaches to the centre of the vesicle, or whether the process is singular and split proximally 
or if multiple processess coalesce proximally to form one process distally (the latter 
possibly similar in form to Salopochitina cf. bella herein, pl. 7, figs 11–12).  
Despite illustrating specimens assigned to Salop. bella that possess variable morphological 
features and providing a ‘broad’ description of this taxon that is based on morphological 
features from diverse forms attributed to Salop. bella, Swire (1990) does not establish 
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paratype material for this species. Consequently the diverse morphology of Salop. bella is 
difficult to constrain within this taxon and a reappraisal of the type material is needed. 
Several studies have illustrated specimens assigned to Salop. bella that possess ornamented 
vesicle surfaces (e.g. Swire 1990, Mullins and Loydell 2001, Mullins and Aldridge 2004). 
The stratigraphical relationship between the ornamented and unornamented specimens 
attributed to Salop. bella has not been previously studied (with regards to published 
material). However, it appears from specimens illustrated in the literature that some 
authors have produced what is understood herein to be the stratigraphical range of Salop. 
bella from the composite range of ornamented and unornamented forms of this taxon (e.g. 
Swire 1990, Mullins and Loydell 2001, Mullins and Aldridge 2004).  
Salopochitina? sp. 1, as presented herein, is morphologically very similar to ornamented 
specimens assigned to Salop. bella by other authors (see previous discussion), but is 
differentiated by the presence of apical structures: a central pit that may be surrounded by a 
raised ridge-like mucron and/or may occur on the apex of a slightly raised hemispherical 
mound (see pl. 8, figs, 1–2, 5–6, 8, 10–11). Salopochitina? sp. 1 first occurs at the same 
level as the first appearance of Salop. bella at Buttington Brick Pit. As the original 
description of Salop. bella does not comment on the nature of the base of specimens and 
illustrated material is not of sufficient quality to determine the presence or absence of 
apical features on the vesicle, and the type material is unavailable for study (unavailable 
for study as discovered after a loan request to the BGS, November 2014), Salopochitina? 
sp. 1 is treated as discrete from Salop. bella. However, reappraisal of the type material (if 
and when located) may allow for the synonymy of Salopochitina? sp. 1 with Salop. bella.  
The first occurrence of Salop. bella in the Builth Wells district (Verniers 1999) coincides 
with the base of the mamilla chitinozoan Biozone in sample ‘K27’ therein. Initially 
reported as the base of riccartonensis graptolite Biozone (Verniers 1999), sample ‘K27’ 
precedes the first appearance of true Monograptus riccartonensis (sample ‘K28’, 
Zalasiewicz and Williams 1999) in the Ithon East section. The last occurrence of Salop. 
bella within the Builth Wells district is reported within the riccartonensis graptolite 
Biozone (sample ‘N33B’) in the Trecoed section (Verniers 1999, Zalasiewicz and 
Williams 1999). A specimen of Salop. bella from the Ithon East section (sample ‘K31’, 
riccartonensis graptolite Biozone) illustrated by scanning electron micrograph (Verniers 
1999, pl. 1, fig. 11) possesses granulate ornamentation over the vesicle surface on the 
flanks. 
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A brief reappraisal of the chitinozoan material of Verniers (1999) from the Builth Wells 
district has been undertaken (with the assistance of J. Verniers) to (1) confirm the presence 
of Salop. bella with a glabrous vesicle in the area, (2) try to address the stratigraphical 
relationship between the first occurrence of Salop. bella that possesses an unornamented 
vesicle surface and the first occurrence of Salop. bella that possesses an ornamented 
vesicle surface in the area, (3) investigate the morphological relationship between Salop. 
bella and Eisenackitina ithonensis Verniers, and (4) to determine if Salopochitina? sp. 1 
occurs in the area and, if so, at which stratigraphical levels. 
The Builth Wells district is considered an appropriate locality with which to undertake this 
study for several reasons. Firstly, the palynological and graptolite assemblages from the 
locality have already been investigated and reported in published studies (Verniers 1999, 
Zalasiewicz and Williams 1999). Secondly, from its first appearance Salop. bella occurs 
reasonably consistently throughout the Ithon East section and in the base of the Trecoed 
section (Verniers 1999, text-fig. 2). Thirdly, although the nature of the graptolite fauna in 
the Builth Wells district results in limitations in identifying graptolite biozones it is 
possible to determine that most, if not all, of the stratigraphical range of Salop. bella occurs 
within the riccartonensis graptolite Biozone in the Builth Wells district. Fourthly, the 
Builth Wells district is the only other locality in the Welsh Basin from which E. ithonensis 
Verniers has been reported (Verniers 1999).  
Reappraisal of samples over the stratigraphical range of Salop. bella in the Ithon East and 
Ithon West samples (see Verniers 1999, text-fig. 2, samples ‘K26a’–‘N33b’,) was 
undertaken using transmitted light microscopy and fluorescent light microscopy (during a 
visit to Ghent in January 2015). The original samples of Verniers (1999) are either picked 
chitinozoans mounted in glass microscope slides for transmitted light microscopy and/or 
picked chitinozoan scanning electron microscope preparations (‘stubs’). Unfortunately, the 
original specimens mounted for analysis by scanning electron microscope were prepared 
for long-term storage using a method than made them unsuitable for current study using 
microscopy methods (coated stubs are stored mounted onto glass microscope slides, pers. 
comm. Jacques Verniers 2015). Micrographs of specimens analysed using scanning 
electron microscopy during Verniers original investigation of the Builth Wells district 
material but not used to illustrate taxa in the publication (Verniers 1999) were included in 
Jacques Verniers’ notebooks and kindly made available. Unfortunately palynological data 
were not available from the Dulas Brook section which is the only locality in the Builth 
Wells district where the first occurrence of Monograptus firmus is reported to precede that 
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of Monograptus riccartonensis (Zalasiewicz and Williams 1999, pers. comm. Jacques 
Verniers 2015). 
The four samples preceding the first reported appearance of Salop. bella were reviewed to 
confirm that the first appearance of this taxon did not occur in older strata (samples ‘K26’, 
‘K26A’, ‘K26B’ and ‘K26C’). Only two specimens assigned questionably to Salop. 
bella occur below ‘(K26B’ and ‘K26C’) the first occurrence of true Salop. bella as 
reported by Verniers (1999, text-fig. 2; fig. 6.1 herein). The first appearance of Salop. 
bella reported in Verniers (1999) is based on the first occurrence of specimens of Salop. 
bella that possess a granulate vesicle surface ornament. Consequently, the lower part of the 
stratigraphical range provided for Salop. bella in the Builth Wells district (Verniers 1999) 
is produced from the stratigraphical occurrence of ornamented specimens.  
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Fig. 6.1, Reappraisal of the stratigraphical occurrences of Eisenackitina ithonensis, Salopochitina bella (forms with ornamented or unornamented vesicle surfaces), and 
Salopochitina? sp. 1 in the Builth Wells district with the local chitinozoan biozonation scheme of Mullins and Loydell (2001). ‘Salop. bella sensu stricto’ refers to specimens 
that fit the description of Swire (1990) (chiefly, that they possess smooth vesicle surfaces). D. U. = data unavailable (because of the way specimens have been preserved, or 
broken or lost glass microscope slides). ‘?’ = questionable specimen(s). ‘’ confirmed specimens(s). ‘Trec.’ = Trecoed. ‘orn.’ = ornamented vesicle surface. ‘unorn.’ = 
unornamented vesicle surface.
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The first occurrence of Salop. bella with an unornamented vesicle surface is determined 
from a scanning electron micrograph in Jacques Verniers’ personal notebook (sample 
‘K33’). Unfortunately, data from glass microscope slides containing the picked chitinozoan 
from sample ‘K33’ and the preceding sample (sample ‘K32’) were not available directly as 
the glass microscope slides are broken or lost and data that allowed determination of the 
nature of the vesicle surface of specimens is not available to be directly reassessed over 
this interval. Despite uncertainties regarding the exact level at which specimens assigned to 
Salop. bella that possess an unornamented vesicle surface first occur, it can be determined 
that such specimens first appear within the riccartonensis graptolite Biozone in the Builth 
Wells district. A single confirmed specimen of Salopochitina? sp. 1 occurs (from the data 
available) higher in the Ithon East section (sample ‘K34C’) and is recognised from a 
scanning electron micrograph in Jacques Verniers’ personal notebook where this specimen 
is assigned to Salop. bella therein (fig. 6.2). 
 
 
Fig. 6.2, Specimen originally assigned to Salop. bella by Verniers (1999; labelled A and B in diagram) 
reinterpreted as Salopochitina? sp. 1 herein. Original illustration from Jacques Verniers’ personal 
notebook and reproduced with kind permission. Specimen is from sample ‘K34C’ (Verniers 1999). 
Line drawing (labelled C) to show details with ‘P’= proximal part of a broken process on the basal 
margin and ‘A’= apical pit (?with mucron). 
 
Specimens of Salop. bella available for reappraisal indicate that unornamented forms of 
Salop. bella are less abundant than specimens assigned to this taxon that possess 
ornamented vesicle surfaces in the Builth Wells district. As Salop. bella initially appears in 
low numbers in the sequence in the Builth Wells district, and maintains low abundance at 
the base of its stratigraphical range, it is difficult to determine if the paucity of 
unornamented forms at these levels is an artefact of lower numbers of this taxon within the 
assemblage or a primary absence in the sediments. Consequently, it is extremely 
challenging to either confirm or disprove that specimens assigned to Salop. bella that 
possess an unornamented vesicle surface have the same stratigraphical range as specimens 
that possess an ornamented vesicle surface within the Builth Wells district. 
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Reappraisal of the palynomorph material has allowed the reinterpretation of some 
specimens assigned to Eisenackitina ithonensis by Verniers (1999) as Salop. bella herein 
where specimens possess structures on the sharp basal margin that are interpreted as 
broken processes. However, this does not change the stratigraphical ranges of either taxon 
previously published from the Builth Wells district (Verniers 1999; fig. 6.1 herein). In 
Buttington Brick Pit and the Builth Wells district, the, at least lower if not entire, 
stratigraphical range of E. ithonensis occurs within that of Salop. bella. Verniers (1999) 
reports that the first occurrence of E. ithonensis (sample ‘K31’) occurs in the upper half of 
the riccartonensis graptolite biozone in the Ithon East section at a level four samples above 
the base of the bella chitinozoan Biozone (sample ‘K27’). Recognition of the base of the 
riccartonensis graptolite Biozone in sample ‘K28’ (Zalasiewicz and Williams 1999), 
Verniers (1999) reported it as occurring in sample ‘K27’, shows that E. ithonensis occurs 
three samples above the base of confirmed riccartonensis graptolite Biozone strata in the 
Ithon East section. In Buttington Brick Pit E. ithonensis first occurs in the lower part of the 
bella chitinozoan Biozone in the upper part of the firmus graptolite Biozone. The 
occurrence of E. ithonensis may have potential to subdivide the lower part of the bella 
chitinozoan Biozone in, at least, the Welsh Basin using either the first occurrence or total 
stratigraphical range of this taxon. However, at present, E. ithonensis is only known from 
the Builth Wells district and Buttington Brick Pit in the Welsh Basin and further 
investigation of the palaeogeographical and stratigraphical extent of this taxon is needed to 
determine the biostratigraphical significance of E. ithonensis.  
In the Banwy River section (Mullins and Loydell 2001) the bella chitinozoan Biozone is 
assigned from upper firmus graptolite Biozone (sample ‘C+17’) to lower riccartonensis 
graptolite Biozone (sample ‘C+30’). The true stratigraphical extent of the bella chitinozoan 
Biozone is not fully elucidated at this locality as the top of the section at the Banwy River 
section terminates within the lower part of the riccartonensis graptolite Biozone (Mullins 
and Loydell 2001). A specimen of Salop. bella from the topmost of the section (‘C+30’, 
riccartonensis graptolite Biozone) at Banwy River section is illustrated by scanning 
electron micrograph (Mullins and Loydell 2001, pl. 6, figs 8–9; reproduced in pl. A, figs 
15–16 herein) and shows a granulate ornament over the vesicle flanks and basal margin. 
Specimens assigned to Salop. bella and illustrated by transmitted light microphotography 
(Mullins and Loydell 2001, text-fig. 3, ‘U–V, X’ from the riccartonensis graptolite 
Biozone and ‘W’ from the firmus graptolite Biozone; ‘U–V, X’ reproduced in pl. A, figs 
1011, 13 respectively herein, with fig. ‘W’ as fig. 12 herein) appear to possess opaque 
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vesicles with short or absent necks and at least one process on the basal margin of varying 
completeness with probably smooth vesicle surfaces. Specimens of Salop. bella considered 
herein as conclusively possessing a smooth vesicle surface were not illustrated from the 
Banwy River section (Mullins and Loydell 2001). 
It the Hughley Brook section, Salop. bella is present but the paucity of graptolite data from 
the locality means that these specimens cannot be constrained biostratigraphically using 
graptolites (Mullins and Aldridge 2004). A single specimen of Salop. bella illustrated by 
scanning electron micrograph (Mullins and Aldridge 2004; pl. 7, fig. 3; sample ‘25/44’; 
reproduced in pl. A, figs 18 herein) possesses a very sharp basal margin that appears to 
have a short, continuous carina with at least two processes attached to the vesicle just 
above the carina. However, a reappraisal of this specimen by scanning electron microscopy 
herein shows this feature is merely a broken edge and not a carina (pl. A, fig. 19). The 
vesicle surface is ornamented with rugae and grana just above the basal margin and over 
the lower third of the vesicle flanks. This ornament decreases in size and density toward 
the aperture. Specimens of Salop. bella that possess a glabrous vesicle surface were not 
illustrated, and as such the presence of such specimens within the section at the Hughley 
Brook section cannot be confirmed. 
Salopochitina monterrosae (Cramer) is treated by some authors as senior synonym of 
Salopochitina bella Swire (see Grahn and de Melo 2003 and Paris et al. 1999) although it 
is unclear from published material as to whether the type material has been reappraised in 
order to support this conclusion. As the type material of both Salop. monterrosae and 
Salop. bella was unavailable for investigation within the duration of this project, and as the 
material from Cramer (1969) had limited illustrations, these two taxa are treated as distinct 
herein. However, a reappraisal of the type material for both taxa may well prove Salop. 
bella to be a junior synonym of Salop. monterrosae. Both taxa are also are treated as 
distinct from Salopochitina? sp. 1, and a reappraisal of the type material of Salop. 
monterrosae and Salop. bella may potentially show Salopochitina? sp. 1 to be a junior 
synonym of one of these taxa. 
Salopochitina monterrosae is described (see table 6.2) from the Rose Hill Formation, 
Millerstown, Pennsylvania (as “Conochitina?” monterrosae; Cramer 1969). The 
distribution of this taxon in the Tuscarora and Rose Hill Formations, Pennsylvania 
suggests a stratigraphical range within the Llandovery (Berry and Boucot 1970). 
Specimens of Salopochitina monterrosae were illustrated by both transmitted light 
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microphotography and camera lucida drawings (Cramer 1969, pl. 70, figs 15–16, and text-
figs 2A–2C; reproduced in pl. A, figs 1–5 herein) and appear to be very similar to Salop. 
bella. However, the opaque nature of the specimens and the poor quality of the 
photomicrographs means that observations are limited to the general outline of the 
specimen with some information supplemented by camera lucida drawings where provided 
– text-fig. 2C therein, for example, shows that the proximal part of a process is fenestrate, 
but this is not observable from a transmitted light photomicrograph of the same specimen 
(pl. 70, fig. 15). 
 
Table 6.2, Description of Salopochitina monterrosae (Cramer) (reproduced verbatim from Cramer 
1969, "Conochitina?" monterrosae, p. 490–491). 
Salopochitina monterrosae (Cramer) 
Originally published as “Conochitina?” monterrosae Cramer, 1969 
Holotype ‘Slide F:006012 P07.0861.406, specimen 645J01, Rose Hill 
Formation, Millerstown, Pennsylvania.’ 
Description ‘Body chamber conical to ovoid, having a short cylindrical neck, a 
short collarette. There is a short but gradual transition between the 
body chamber and the neck and between the neck and collarette. 
Pseudostome periphery crenulated, wider than the neck. In complete 
specimens the keel is digitate and reduced three to four, apparently 
quite fragile appendices. The appendices are coalescent at the base or 
simple. No internal structures observed. Vesicle walls smooth.’ 
Dimensions 
(μm) 
‘Length, 60 to 120 (avg 60 to 100); 1, 60 to 120 (avg 60 to 100); 12, 
50 to 80; 13, 50 to 80.’ 
Distribution 
 
‘Tuscarora and Rose Hill Formation, Pennsylvannia. Frequency in the 
samples analysed, varying from 1–25 percent of the sum of 
chitinozoans.’ 
Comparison 
 
‘“C?” monterrosae is distinguished from species having similar 
vesicle outline by presence of the digitate keel.’ 
Comments ‘The presence of a digitate keel makes the attribution of this species to 
Conochitina doubtful.’ 
 
Grahn and de Melo (2003) differentiated Salopochitina aff. Salopochitina monterrosae 
(Cramer) from Salopochitina monterrosae sensu stricto for specimens that possess a 
granulate vesicle surface ornament. Specimens assigned to Salop. aff. Salop. monterrosae 
were reported from ‘Assemblage A’ (of late Ludlow age) from the Amazonas Basin 
(possibly lower Manacapuru Formation, localities AGS 540, 541, 542, 544, 547, and 549).  
Scanning electron micrographs illustrate three specimens assigned to Salop. aff. Salop. 
monterrosae in Grahn and de Melo (2003). Ornament is not clear on one specimen 
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assigned to Salop. aff. Salop. monterrosae so assignment is questionable (Grahn and de 
Melo 2003, pl. VI, fig. 12, questionably Manacapuru Formation, locality AGS 542; 
reproduced in pl. B, fig. 7 herein). Two specimens assigned to Salop. aff. Salop. 
monterrosae possess processes that branch at the distal ends, a feature not observed in 
either Salop. monterrosae or Salop. bella (Grahn and de Melo 2003; pl. VI, figs 14–15; 
both questionably Manacapuru Formation, both from locality AGS 54; reproduced in pl. B, 
figs 6 and 1 respectively herein). Furthermore, these specimens possess more processes 
than the holotype material of both Salop. monterrosae and Salop. bella which possess three 
and two processes respectively. Cramer (1969) considered that up to four processes may be 
present in Salop. monterrosae and Swire (1990) considered that Salop. bella may possess 
up to three processes versus the five (min.) to ?eight (max.) processes, some of which are 
broken hence the questionable total maximum number of process, possessed by illustrated 
specimens assigned to Salop. aff. Salop. monterrosae (Grahn and de Milo 2003; pl. VI, 
figs 14–15). Consequently, Salop. aff. Salop. monterrosae is considered discrete herein 
from forms of Salop. bella that possess an ornamented or unornamented vesicle surface. 
The complexity and number of the processes observed for illustrated specimens assigned to 
Salop. aff. Salop. monterrosae by Grahn and de Milo (2003) contradicts affinity between 
these specimens and Salop. monterrosae. 
In subsequent work in the Amazonas Basin, Grahn (2005) illustrated a single specimen 
assigned to Salop. monterrosae that possesses a short, continuous carina on the basal 
margin with at least four process-like extensions extending from the carina (Grahn 2005; 
pl. IV, fig. 14; scanning electron micrograph; well 1-AM-1-AM, cuttings 1746–1749 m; 
reproduced in pl. B, fig. 5 herein). A granulate surface ornament occurs from just above 
the basal margin and over the lower third of the vesicle flanks. The granulate ornament had 
previously been considered by Grahn and de Melo (2003) to be characteristic of Salop. aff. 
Salop. monterrosae but the development of process-like extensions from the carina is not a 
feature of this taxon, nor is it a feature of Salop. monterrosae or Salop. bella. Accordingly, 
the assignment of this specimen to Salop. monterrosae is not accepted herein. Furthermore, 
the stratigraphical range of Salop. monterrosae, reported as late Telychian–early 
Sheinwoodian from the uppermost of the lower Pitinga Formation, Amazonas Basin 
(Grahn 2005; palynological assemblage 3; well and/or outcrop, 1-MU-3-AM, 1-NO-
3OAM, SM 1018, SM 1047, SM 1048, AM 76, SR 07) cannot be confirmed. 
The stratigraphical range of Salop. aff. Salop. monterrosae is reported from the basal to 
uppermost Ludlow from the upper Pitinga Formation and possibly the lowermost part of 
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the Manacapuru Formation, Amazonas Basin (Grahn 2005; palynological assemblage 4; 
PETROBRAS 1-AM-1-AM and 1-UI-2-AM wells and borehole SM 1048). A specimen 
assigned to Salop. aff. Salop. monterrosae and illustrated by scanning electron micrograph 
(Grahn 2005; pl. IV, fig. 15; well, SM 1018; 28.53–28.56 m; reproduced in pl. B, fig. 2 
herein) shows a dense granulate ornament on flanks and neck. At least five processes are 
present. The quality of micrograph makes it difficult to discern but there appears to be a 
short carina on the basal margin and it is unclear if processes attach directly to the vesicle 
flanks or are an extension of a short carina. Consequently, neither the genera nor the 
species assigned to this specimen can be confirmed as correct, or determined, from this 
illustrated material. Importantly, it should be noted that the specimen is reported as 
‘contamination’, implying that the stratigraphical level from which it is derived is 
uncertain.  
Grahn and Melo (2003) considered specimens assigned to Conochitina filifera (Eisenack) 
from the lower Ludlow Médarba Formation, Polignac Basin, Algerian Sahara (Jardiné and 
Yapaudjian 1968, palynological assemblage 2, subzone ‘a’) ‘similar’ to Salop. aff. Salop. 
monterrosae and considered these specimens a junior synonym of Salop. aff. Salop. 
monterrosae. Jardiné and Yapaudjian (1968) illustrated two specimens assigned to Cono. 
filifera by transmitted light photomicrography that possess two simple processes attached 
to the basal margin that taper distally (Jardiné and Yapaudjian 1968, pl. 6, figs 1–2; 
reproduced in pl. B, figs 11, 13 herein) and that appear to have a glabrous vesicle surface. 
However, the glabrous vesicle surface is difficult to confirm from the illustrated material. 
The apparent lack of surface ornament distinguishes the illustrated specimens as discrete 
from Salop. aff. Salop. monterrosae Grahn and de Melo and these specimens are 
tentatively considered as Salop. bella herein.  
Tekbali and Wood (1991) illustrated “Conochitina filifera” (Eisenack) from the lower 
Wenlockian Tanezzuft Formation of the Banī Walid borehole, Ghadāmis Basin, western 
Libya. In recording the occurrence of “Cono. filifera”, Tekbali and Wood (1991) refer 
readers to ‘see Jardiné & Yapaudjian, 1968, pl. 6, figs 1, 2 and Conochitina? monterrosae 
of Cramer, 1969, pl. 70, figs 15, 16’ but do not explicitly refer to synonymy of these taxa.  
A specimen assigned to “Cono. filifera” that possesses a granulate vesicle ornament over 
the flanks of the specimen and a wide, ring-like mucron (similar to that observed for some 
forms of Salopochitina? sp. 1) with seven processes on the basal margin was illustrated by 
scanning electron micrograph (Tekbali and Wood 1991, pl. 19, figs 4–6, SEM stub 24111-
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5; reproduced in pl. B, figs 4, 89 herein). Two of the processes are joined where they 
attach to the basal margin, while another processes branches proximally, close to where the 
process attaches to vesicle. Additionally, all processes have multifurcate branching at the 
very distal ends of the processes. A specimen assigned to “Cono. filifera” that possesses a 
granulate vesicle ornament and four processes, two of which appear to be fenestrate 
proximally, has multifurcate branching at the very distal ends of the processes (Tekbali and 
Wood 1991, pl. 19, figs 1–2, SEM stub 24111-5; reproduced in pl. B, figs 3, 12 herein). A 
specimen of “Cono. filifera” illustrated by transmitted light microphotography (Tekbali 
and Wood 1991, pl. 20, fig. 1, SEM stub 24111-A-4, 30.3/109.1; reproduced in pl. B, fig. 
10 herein) has at least four processes that possess multifurcate branching at the most distal 
ends of the processes.  
The illustrated specimens assigned to “Cono. filifera” (Tekbali and Wood 1991) appear to 
be treated as synonymous with Salop. monterrosae by Paris et al. (1999, see point ‘1’ page 
553 and point ‘49’ page 552 where the material illustrated in Tekbali and Wood, 1991, pl. 
19, figs 4–5 is referred to as both Cono. filifera and Salop. monterrosae respectively). The 
illustrated material assigned to “Cono. filifera” (Tekbali and Wood 1991) possess 
sheathing processes with a rugose ornament, similar to those of both Salop. monterrosae 
and Salop. bella, but these processes differ in being more complicated and numerous. 
“Cono. filifera” of Tekbali and Wood (1991) is similar to specimens illustrated as Salop. 
aff. Salop. monterrosae from the Amazonas Basin (Grahn and de Melo 2003, pl. VI, figs 
14–15 only) but an affinity with either Salop. monterrosae or Salop. bella is not accepted 
herein.  
Specimens assigned to Salopochitina filifera (Eisenack) from the Baltic region, where the 
appearance of this taxon in the middle Přídolí is designated the ‘Salopochitina filifera 
regional Biozone’, are morphologically dissimilar from Salop. monterrosae, Salop. bella, 
and Salop. aff. Salop. monterrosae (see Nestor 2011, fig. 8, specimens ‘X’–‘AB’). 
In Buttington Brick Pit, forms of Salop. bella that possess an unornamented or an 
ornamented vesicle surface first occur in the middle part of the firmus graptolite Biozone 
(sample +1.50–+1.55 m). This agrees with the stratigraphical occurrence of forms of this 
species with granulate vesicle surfaces in the Banwy River section (Mullins and Loydell 
2001; first occurrence in upper firmus graptolite Biozone). The firmus graptolite Biozone is 
not assigned to the Builth Wells district, but Salop. bella with a granulate vesicle surface 
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ornament appears in the sample (sample ‘K27’), preceding confirmed riccartonensis 
graptolite Biozone strata (Verniers 1999, Zalasiewicz and Williams 1999).  
Accordingly, from at least a biostratigraphical consideration, it is reasonable to include the 
stratigraphical occurrence data for specimens of Salop. bella with a granulate and/or 
weakly rugose vesicle surface ornament with the stratigraphical occurrence data for 
glabrous Salop. bella to produce a stratigraphical range for this species. Nevertheless, the 
taxonomic relationship between Salop. bella and Salop. monterrosae is not resolved and 
the nature of the vesicle surface of the type material of these taxa is uncertain. Therefore, 
the stratigraphical occurrence of specimens of Salop. bella with an unornamented vesicle 
surface is presented separately from specimens with a vesicle surface ornament herein (figs 
6.3 and 6.4).  
Salopochitina? sp. 1 first occurs at the same level as the first appearance of Salop. bella at 
Buttington Brick Pit in the middle part of the firmus graptolite Biozone, and from the 
riccartonensis graptolite Biozone in the Builth Wells district in samples succeeding the 
first occurrence of Salop. bella. The taxonomic relationship between Salop. bella and 
Salop. monterrosae, and Salopochitina? sp. 1 can only be resolved by an appraisal of the 
apical structures, if any, present on the type material of the former two taxa. Until these 
data are available Salopochitina? sp. 1 is treated as discrete from Salop. bella and Salop. 
monterrosae. 
Taphonomic considerations are important in ensuring correct identification of Salop. bella. 
Forms of Salop. bella with smooth vesicle surfaces may represent specimens that have had 
vesicle surface ornament removed by abrasion (see descriptions of E. causiata in Verniers 
1999 for discussion, p. 376). Mechanical abrasion may result in the breakage of branching 
processes or the distal parts of processes that possess multifurcate terminations, to produce 
what appear to be simple processes. Additionally, processes that break very close to where 
they attach to the vesicle may appear to be a lacerated carina (see Paris et al. 1999, p. 566). 
Specimens of Salopochitina? sp. 1 with processes broken in this latter manner may be 
mistaken for specimens of Eisenackitina ithonensis Verniers. Salopochitina? sp. 1 cannot 
be distinguished from specimens of Salop. bella and Salop. monterrosae where damage to 
the base of the vesicle has removed the apical structures. 
The taxonomic and taphonomic considerations outlined above hinder the application of the 
first occurrence of Salop. bella as a biostratigraphically significant taxon for correlation 
outside of the Welsh Basin in the early Sheinwoodian. Intra- and inter- regional correlation 
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is not possible with/within the Mehaigne area, Belgium, the Barrandian region, or the 
Baltic region, as Salop. bella has not been reported from these areas (Verniers 1982, 
Verniers et al. 2002, Dufka et al. 1995, Nestor 2005). However, the occurrence of this 
taxon within the Banwy River section (Mullins and Loydell 2001), Builth Wells district 
(Verniers 1999), the Hughley Brook section (Mullins and Aldridge 2004), the Wenlock 
type area (Swire 1990, 1993), and herein, shows that Salop. bella is a biostratigraphically 
significant taxon for correlation within the Welsh Basin. 
  
  
191 
 
PLATE A 
Illustrated material reproduced from the literature. For references see figure caption. 
Asterisk (*) denotes measurements that are approximate as they are from a photocopy of 
the original paper (only used where the original paper was not available). Process length = 
p.l. 
 
Figs 1–5, Salopochitina monterrosae (Cramer) 
Figs 1–2, transmitted light photomicrographs reproduced from Cramer (1969, pl. 70, figs 
15–16, as “Conochitina?” monterrosae). Fig. 1 herein = fig. 15 of Cramer (1969, pl. 70). 
Fig. 2 herein = fig. 16 of Cramer (1969, pl. 70) 
Figs 3–5, camera lucida drawings reproduced from Cramer (1969, text-figs 2A–2C, as 
“Conochitina?” monterrosae). Fig. 3 herein = text-fig. 2A of Cramer (1969). Fig. 4 herein 
= text-fig. 2B of Cramer (1969). Fig. 5 herein = text-fig. 2C of Cramer (1969). 
Figs 1, 5: L, 94 μm; D, 100 μm; p.l., ca. 153 μm. Figs 2, 4: L, 72 μm; D, 68 μm; p.l., ca. 
174 μm. Fig. 3: L, 164 μm; D, 123 μm; p.l., ca. 48 μm. 
 
Figs 6–9, 14, 17, Salopochitina bella Swire 
Figs 6–8, transmitted light photomicrographs reproduced from Swire (1990, pl. 2, figs 1–
3). Holotype material: pl. 2, fig. 3 therein and pl. A, fig. 8 herein. Fig. 6 herein = fig. 1 of 
Swire (1990, pl. 2). Fig. 7 herein = fig. 2 of Swire (1990, pl. 2). Fig. 8 herein = fig. 3 of 
Swire (1990, pl. 2). 
Figs 9, 14, 17, scanning electron micrographs reproduced from Swire (1990, pl. 1, figs 
45, 7). Fig. 9 herein = fig. 4 of Swire (1990, pl. 1). Fig. 14 herein = fig. 5 of Swire (1990, 
pl. 1). Fig. 17 herein = fig. 7 of Swire (1990, pl. 1). 
Fig. 6: L, 136 μm; D, 125 μm; p.l., ca. 288 μm. Fig. 7: L, 120 μm; D, 96 μm; p.l., ca. 380 
μm. Fig. 8: L, 140 μm; D, 108 μm; p.l., ca. 268 μm. Fig. 9: L, 102 μm; D, 67 μm; p.l., ca. 
132 μm. Fig. 14: L, 103 μm; D, 93 μm; p.l., ca. 173 μm. Fig. 17: p.l., 71 μm. 
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Figs 10–13, Salopochitina bella Swire 
Transmitted light photomicrographs reproduced from Mullins and Loydell (2001, text-fig. 
3, specimens U–X). Fig. 10 herein = specimen ‘U’ of Mullins and Loydell (2001, text-fig. 
3), Fig. 11 herein = specimen ‘V’ of Mullins and Loydell (2001, text-fig. 3), fig. 12 herein 
= specimen ‘W’ of Mullins and Loydell (2001, text-fig. 3), fig. 13 herein = specimen ‘X’ 
of Mullins and Loydell (2001, text-fig. 3). 
Fig. 10: L, 95 μm; D, 70 μm; pl, ca. 100 μm. Fig. 11: L, 130 μm; D, 120 μm; pl, ca. 30 μm. 
Fig. 12: L, 155 μm; D, 105 μm; pl, ca. 10 μm. Fig. 13: L, 120 μm; D, 90 μm; pl, ca. 20 μm. 
 
Figs 15–16, Salopochitina bella Swire 
Scanning electron micrographs reproduced from Mullins and Loydell (2001, pl. 6, figs 8–
9). Fig. 16 herein is a close-up of the broken process imaged in fig. 15 herein. Fig. 15 
herein = fig. 8 of Mullins and Loydell (2001, pl. 6), fig. 16 herein = fig. 9 of Mullins and 
Loydell (2001, pl. 6). 
Fig. 15: L, 153 μm; D, 130 μm; pl, ca. 20 μm. 
 
Figs 18–19. Salopochitina bella Swire 
Fig. 18, scanning electron micrograph reproduced from Mullins and Aldridge (2004, pl. 7, 
fig. 3). Fig. 19 herein is a close-up of the basal margin of the specimen imaged in fig. 18 
herein. Apical structures of the specimen in fig. 18 herein are reinvestigated by scanning 
electron microscopy herein (see fig. 19). Note that this reinvestigation shows that the 
specimen lacks a carina, that appears to exist on the basal margin in the original 
micrograph of Mullins and Aldridge (2004, pl. 7, fig. 3), and that the basal margin is 
damaged.  
Fig. 18: L, 220 μm; D, 156 μm; p.l., ca. 70 μm. Fig. 19 scale bar: 20 μm. 
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PLATE B 
Illustrated material reproduced from the literature. For references see figure caption. 
Asterisk (*) denotes measurements that are approximate as they are from a photocopy of 
the original paper (where the original paper was not available).  
 
Figs 1, 67, Salopochitina aff. Salopochitina monterrosae (Cramer) 
Figs 1, 67, scanning electron micrographs reproduced from Grahn and de Melo (2003, pl. 
VI, figs 12, 14–15). Fig. 1 herein = fig. 15 of Grahn and de Melo (2003, pl. VI), fig. 6 
herein = fig. 14 of Grahn and de Melo (2003, pl. VI), fig. 7 herein = fig. 12 of Grahn and 
de Melo (2003, pl. VI). 
Fig. 1: L, 164 μm; D, 175 μm; p.l., ca. 123 μm. Fig. 6: L, 223 μm; D, 223 μm; p.l., ca. 70 
μm. Fig. 7: L, 235 μm; D, 169 μm; p.l., N/A. 
 
Fig. 2, Salopochitina aff. Salopochitina monterrosae (Cramer) 
Scanning electron micrograph reproduced from Grahn (2005; pl. IV, fig. 15). L, 236 μm; 
D, 170 μm; p.l., ca. 75 μm. 
 
Fig. 5, Salopochitina monterrosae (Cramer). 
Scanning electron micrographs reproduced from Grahn (2005; pl. IV, fig. 14). L, 226 μm; 
D, 171 μm; p.l., ca. 60 μm; carina maximum length, 21 μm. 
 
Figs 34, 810, 12, “Conochitina filifera” Eisenack 
Figs 34, 89, 12, scanning electron micrographs reproduced from Tekbali and Wood 
(1991, pl. 19, figs 12, 46). Fig. 12 herein is a close-up of the vesicle chamber of the 
specimen in fig. 3 herein. Figs 4, 89 herein are all produced from the same specimen. Fig. 
3 herein = fig. 1 from Tekbali and Wood (1991, pl. 19). Fig. 4 herein = fig. 4 from Tekbali 
and Wood (1991, pl. 19). Fig. 8 herein = fig. 6 from Tekbali and Wood (1991, pl. 19). Fig. 
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9 herein = fig. 5 from Tekbali and Wood (1991, pl. 19). Fig. 12 herein = fig. 2 from 
Tekbali and Wood (1991, pl. 19). 
Fig. 10, transmitted light photomicrograph reproduced from Tekbali and Wood (1991, pl. 
20, fig. 1).  
Fig. 3: L*, 324 μm; D*, 164 μm; p.l.*, ca. 156 μm. Fig. 4: L*, 203 μm; D*, 156 μm; p.l.*, 
ca. 119 μm; mucron diameter, 23 μm. Fig. 10: L*, 258 μm; D*, 196 μm; p.l.*, ca. 165 μm. 
 
Figs 11, 13, Conochitina filifera Eisenack 
Figs 11, 13, transmitted light photomicrographs reproduced from Jardiné and Yapaudjian 
(1968, pl. 6, figs 1–2). Fig. 11 herein = fig. 1 from Jardiné and Yapaudjian (1968, pl. 6). 
Fig. 13 herein = fig. 13 from Jardiné and Yapaudjian (1968, pl. 6). 
Fig. 11: L*, 220 μm; D*, 117 μm; p.l.*, 90 μm. Fig. 13: L*, 235 μm; D*, 175 μm; p.l.*, 60 
μm.   
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In the Builth Wells district, Cingulochitina burdinalensis Verniers first occurs within the 
riccartonensis graptolite Biozone of the Ithon East section and Trecoed sections (samples 
‘K31’ and ‘N33B’ respectively) where it is designated as the index taxon for the base of 
the local burdinalensis chitinozoan Biozone (with E. ithonensis, Verniers 1999). Cing. 
burdinalensis first occurs in the fourth sample succeeding the first appearance of Salop. 
bella. At Buttington Brick Pit, Cing. burdinalensis first occurs near the base of the bella 
chitinozoan Biozone (sample +1.60–+1.65 m) which broadly agrees with the chitinozoan 
occurrences in the Builth Wells district. However, unequivocal Cing. burdinalensis first 
occurs in an earlier graptolite biozone at Buttington Brick Pit at a level high within the 
firmus graptolite Biozone (figs 6.3 and 6.4). 
Pterochitina hughleyensis Mullins and Aldridge last occurs in the lower part of the bella 
chitinozoan Biozone in Buttington Brick Pit, where this taxon persists longer than in the 
Hughley Brook section where it disappears in the lower part of the bouniensis chitinozoan 
Biozone (sample ‘25/41’ of Mullins and Aldridge 2004). 
Conochitina aff. tuba first occurs in strata younger than bella chitinozoan Biozone in the 
Hughley Brook section (Mullins and Aldridge 2004, first occurrence in sample ‘25/42’, = 
bouniensis chitinozoan Biozone). Conochitina aff. tuba first occurs in the upper part of the 
margaritana chitinozoan Biozone in the Viki core (108.45–110.90 m), Kaugatuma core 
(223.10–233.10 m), and Ohesaare core (238.0–238.90 m) in Estonia (Nestor 2005). 
However, this taxon first occurs slightly earlier in the Ruhnu core, Estonia (454.05–467.10 
m), within the proboscifera chitinozoan Biozone, upper Llandovery (Nestor 2005). 
Many taxa that appear to have short stratigraphical ranges with the bella chitinozoan 
Biozone have longer stratigraphical ranges outside of Buttington Brick Pit; Ancyrochitina 
desmea (e.g. occurs within Llandovery, Mullins and Loydell 2001), Eisenackitina 
inanulifera (occurs from Llandovery–Wenlock, see original description in Nestor 2005, p. 
109), Eisenackitina sp. 1 sensu Mullins and Loydell (2001, confirmed stratigraphical range 
from upper centrifugus to firmus graptolite biozones in the Banwy River section), and 
Margaritana banwyensis (e.g. occurs within the upper Llandovery, see Mullins 2000).  
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6.5. CHITINOZOAN OCCURRENCES WITHIN THE EARLY SHEINWOODIAN 
OF BUTTINGTON BRICK PIT AND CORRELATION WITHIN THE WELSH 
BASIN AND WITH OTHER AREAS. 
 
The distribution of chitinozoan taxa through the lower Sheinwoodian of Buttington Brick 
Pit and the local chitinozoan biozones assigned herein are presented with respect to the 
graptolite biozones established for the section by Loydell et al. (2014) (figs 6.3 and 6.4). A 
single occurrence of Conochitina flamma Laufeld (pl. 13, fig. 23 herein) was recorded 
during the investigation of the microphytoplankton assemblages (by transmitted light 
microscopy). The occurrence of this taxon is considered indicative of upper margaritana 
chitinozoan Biozone and upper murchisoni graptolite Biozone. The stratigraphical position 
of this specimen is denoted within the local chitinozoan biozonation scheme for the 
locality (see asterisk in figs 6.3). 
The diversity of the chitinozoan assemblage decreases from sample +8.00–+8.05 m and 
remains low above this level within bella chitinozoan Biozone (fig. 3.1) and within the 
Interzone IV recognised in the Baltic region (Nestor 1994, 2012). A decrease in the 
diversity and abundance of chitinozoans occurs at similar stratigraphical levels within the 
Builth Wells district (Verniers 1999) and the Baltic region (see review in Nestor 2012). 
Note that from sample +8.00–+8.05 m and above, sphaeromorphs were not routinely 
picked from samples and this may have a, probably minor, impact on the occurrence data 
of chitinozoans with spherical or lenticular vesicles that lack, or possess broken, necks as 
such specimens are potentially misidentified as sphaeromorphs. Preservation of 
chitinozoan taxa at these levels is frequently poor and many taxa from higher levels in the 
section are questionably identified; this is probably a significant factor in the apparent 
decrease in absolute abundance and diversity at these levels (fig. 3.1; appendix 8). Several 
species (including specimens in open nomenclature herein) appear to have short 
stratigraphical ranges and disappear within the chitinozoan bella chitinozoan Biozone. This 
may be partly due to poor presentation at these levels in the section or the wider sample 
spacing at these levels as opposed to a primary signal of a short stratigraphical range.  
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Fig. 6.3, Occurrences of chitinozoans, sphaeromorphs, and cryptospores from the early Sheinwoodian of Buttington Brick Pit. See key on figure for explanation of line styles and symbols. ‘*’ denotes the level at which the first, and only, 
occurrence of Cono. flamma is observed. The top of the Butterley Mudstone Member is at the level assigned to 0 m (height in section). Abbreviations: ‘mid. murch.’ = middle murchisoni graptolite Biozone. ‘upper murch.’ = upper murchisoni 
graptolite Biozone. ‘marg.’ = margaritana chitinozoan Biozone undifferentiated. ‘upper marg.’ = upper margaritana chitinozoan Biozone. 
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Fig. 6.4, Stratigraphical ranges of chitinozoans, sphaeromorphs, and cryptospores from the early Sheinwoodian of Buttington Brick Pit. Black line indicates the stratigraphical range of unequivocally assigned taxa, grey line indicates the 
stratigraphical range based on questionably assigned taxa. Stratigraphical log data from field logs of Anthony Butcher, David Loydell and Bob Loveridge (University of Portsmouth) (see fig. 2.4 herein for key; see sedimentary logs within 
appendix 2 for data regarding levels at which lamination occurs and all fauna). Carbon isotope data and graptolite biozones reproduced from Loydell et al. (2014). The top of the Butterley Mudstone Member is at the level assigned to 0 m 
(height in section). Abbreviations: ‘mid. murch.’ = middle murchisoni graptolite Biozone. ‘upper murch.’ = upper murchisoni graptolite Biozone. ‘marg.’ = margaritana chitinozoan Biozone undifferentiated. ‘upper marg.’ = upper margaritana 
chitinozoan Biozone. 
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The local chitinozoan biozonation scheme applied herein is the same as that applied to the 
early Sheinwoodian succession at the Banwy River section (Mullins and Loydell 2001) and 
the Hughley Brook GSSP (Mullins and Aldridge 2004). This scheme was favoured over 
the local chitinozoan biozonation scheme for the Builth Wells district devised by Verniers 
(1999) as Conochitina mamilla and Cingulochitina pitetensis, stratigraphically significant 
taxa for the early Sheinwoodian in the scheme of Verniers (1999), were not identified at 
Buttington Brick Pit. Consequently, only two of the three chitinozoan biozones occurring 
within the early Sheinwoodian can be recognised: the margaritana chitinozoan Biozone 
and the burdinalensis chitinozoan Biozone. Thus this scheme has much lower 
stratigraphical resolution when applied to the chitinozoan assemblage a Buttington Brick 
Pit in comparison to Builth Wells district and allows only partial correlation between the 
areas. 
Potentially the local chitinozoan biozonation scheme of Verniers (1999) provides better 
correlation with areas outside of the Welsh Basin and Welsh Borderland as Salop. bella 
has not been recorded from the Baltic region (Nestor 2005), the Barrandian region (Dufka 
et al. 1995) or the Mehaigne area, Belgium (Verniers 1982, Verniers et al. 2002). 
However, the stratigraphical range of Cing. burdinalensis needs to be further constrained 
for this to be assessed (see discussion in chapter 4 herein).  
The abundant and moderately diverse chitinozoan assemblages at Buttington Brick Pit, 
with poor to moderate preservation, allow for correlation between other areas locally and 
regionally where there are similarities in the composition of chitinozoan assemblages. The 
most confident biostratigraphical correlation is between localities where there is good 
graptolite biostratigraphical control and chitinozoan assemblage data at the same 
stratigraphical levels. The most ideal areas for correlation are those with a high resolution 
sampling within a continuous sequence in the section(s) or core. However, this is not 
always possible for reasons of practicality. For example, from core sections there is a 
paucity of sediment available from which an investigation for age diagnostic graptolites 
can be undertaken. Furthermore, graptolites and chitinozoans may not be sampled from 
same level. The paucity of sediment means that sample sizing may have to be relatively 
large in order to produce sufficient sediment for processing for chitinozoan investigation. 
Herein, stratigraphical correlation is achieved within the Welsh Basin (Builth Wells 
district, Verniers 1999; Banwy River section, Mullins and Loydell 2001), and with 
Estonian and Latvian Baltic cores (Ohesaare borehole, Nestor 1994, Loydell et al. 1998; 
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Ruhnu ‘500’ borehole, Põldvere 2003; Aizpute-41 borehole, Loydell et al. 2003; Kolka-54 
borehole, Loydell et al. 2010) (see fig. 6.5 herein). Less precise, partial correlation is 
achieved with the Mehaigne area, Belgium (Verniers 1982, see reinterpretation in Verniers 
1999), the Prague Basin (Dufka 1992, Dufka et al. 1995), Gotland (Grahn 1995), and 
mainland Sweden (Grahn 1998) (see fig. 6.5 herein).  
Only localities with integrated graptolite and chitinozoan biostratigraphical data are 
included within the correlation panel (fig. 6.5). Chitinozoan data from Swire (1993) are not 
included as the graptolite stratigraphy reported therein (from Bassett et al. 1975) does not 
provide stratigraphical control during the early Sheinwoodian. The integrated graptolite 
and chitinozoan correlations for some areas are reproduced in light of the discussions 
within this chapter and within the literature review herein and may not be identical to that 
in the original work cited. For example, the base of the riccartonensis graptolite Biozone is 
presented in the integrated stratigraphical correlation of the Builth Wells district (Verniers 
1999, text-fig. 2) but considered uncertain herein for the reasons discussed previously. 
Additionally, published biostratigraphical data from the Builth Wells district has been 
reinterpreted using the biozonation scheme of Mullins and Loydell (2001) in order to test 
the potential for the local biozonation scheme used herein to correlate with other areas 
within the Welsh Basin. Published biostratigraphical data from the Ruhnu (500) core 
(Põldvere 2003) has been reinterpreted using the approach of Loydell et al. (1998) with a 
firmus graptolite Biozone recognised herein. Published biostratigraphical data from the 
Mehaigne area, Belgium, of Verniers and Rickards (1978) and Verniers (1981, 1982) was 
reinterpreted in Verniers et al. 2002 (see also Verniers 1999). 
Few localities within the Welsh Basin and beyond have good graptolite biostratigraphical 
control available (see preceding sections within this chapter for discussion). Furthermore, 
correlation between chitinozoan biozones and graptolite biostratigraphical schemes at 
some sections (e.g. Grahn 1995, 1998) must be treated with caution where graptolite data 
are unpublished and/or are assessed before the taxonomic revisions to graptolites and 
graptolite biostratigraphy that have occurred within the last 30 years (Mullins and Loydell 
2001).  
The integrated graptolite and chitinozoan biozones at Buttington Brick Pit are most similar 
to those of the Banwy River section, Welsh Basin (Mullins and Loydell 2001), which was 
positioned on the shelf-ramp in the early Sheinwoodian in deeper water than Buttington 
Brick Pit. However, Buttington Brick Pit is the only locality in the Welsh basin where the 
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East Baltic Interzone IV of Nestor (1994) can be directly recognised from the 
disappearance of Ango. longicollis. Within the Mehaigne area, Belgium, Ango. longicollis 
disappears near the base of formation ‘MB4b’ (last occurrence in outcrop and sequence 
number ‘CD-22E/35’) at a level correlated within the riccartonensis graptolite Biozone 
(see Verniers 1982, figs 3 and 8). 
The bouniensis chitinozoan Biozone is not recognised in the Baltic as Cingulochitina 
bouniensis Verniers is very uncommon in this region. However the occurrence of this 
taxon at levels within murchisoni graptolite Biozone, or possibly firmus graptolite Biozone 
(see Loydell et al. 2003, Nestor 2012), in the Baltic suggests that this taxon may first 
appear at similar stratigraphical levels in the Baltic region, the Welsh Basin, and the 
Mehaigne area (see ‘Cb’ in fig. 6.4). Morávek (2009) reported the occurrence of Cing. 
bouniensis in the Prague Basin from a temporarily locality at Bykoš. Unfortunately, 
integrated graptolite biostratigraphical control was not provided therein and accordingly 
the biostratigraphical significance of the appearance of this taxon is uncertain within the 
Prague Basin. 
As previously discussed, further research is needed in order to understand the 
stratigraphical range of Cing. bouniensis within the Baltic region. This is needed to 
determine if, at least, partial stratigraphical calibration between Baltica and Eastern 
Avalonian can be achieved through the local chitinozoan biozonation scheme of Mullins 
and Loydell (2001) for the early Sheinwoodian. The stratigraphical range of Cing. 
bouniensis within the Prague Basin also requires investigation to determine if 
stratigraphical calibration between the Barrandian region (peri-Gondwana) and Eastern 
Avalonian can be achieved through the local chitinozoan biozonation scheme of Mullins 
and Loydell (2001) for the early Sheinwoodian. 
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Fig. 6.5, Correlation between the graptolite and chitinozoan biostratigraphical schemes for the early Sheinwoodian. Localities for comparison are from (1) eastern Avalonia: Buttington Brick Pit (Wales, U.K.), this study; Banwy River section 
(Wales, U.K.), Mullins and Loydell (2001); Builth Wells district (Wales, U.K.), Verniers (1999), (2) The Avalonian Brabant Massif, the Mehaigne area, Belgium, Verniers (1982, 1999), (3) Baltica: Ohesaare borehole (Estonia), Nestor (1994), 
Loydell et al. (1998); Ruhnu (500) borehole (Estonia), Põldvere (2003); Aizpute-41 borehole (Latvia), Loydell et al. (2003); Kolka-54 borehole (Latvia), Loydell et al. (2010); Gotland, Sweden, Grahn (1995); mainland Sweden, Grahn (1998), (4) 
northern peri-Gondwana: Prague Basin, Czech Republic, Dufka (1992), Dufka et al. (1995). Grey areas represent non-recognition of graptolite biozone. Dashed lines indicated uncertainty in the extent of a chitinozoan biozone with regard to 
the graptolite biozones (i.e. the stratigraphical position of the base of the biozone / succeeding biozone). ‘Cb’ indicates the relative stratigraphical position of Cingulochitina bouniensis Verniers. An explanation for reinterpretation at some 
stratigraphical levels in the various areas is provided in the literature review (chapter 4). Additionally, see correlation of Mullin and Loydell (2001, text-fig. 8) for the Banwy River section. 
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CHAPTER 7: PALYNOLOGICAL PALAEOENVIRONMENTAL 
STUDIES WITH REFERENCE TO THE δ
13
CCARB CURVE AND 
SEA-LEVEL VARIATION. 
 
7.1. ACRITARCHS AND PALAEOENVIRONMENT. 
 
Acritarchs are a polyphyletic group of organic-walled microfossils of uncertain biological 
affinity that attained great abundance and diversity within the Palaeozoic (Servais 1996). 
The acritarch group is generally accepted to be composed predominantly of algal cysts, 
possibly phytoplanktonic (Martin 1993, Colbath and Grenfell 1995), and are almost 
exclusively recorded from marine strata (Servais 1996). Acritarch biofacies are considered 
to be widespread in the Llandovery–Wenlock with depositional environment and facies 
control currently understood to play a greater role in controlling acritarch biofacies 
distribution than biogeography in many regions (see discussion in Molyneux et al. 2013 
and references therein).  
Acritarchs have been the focus, or an important component, of numerous Palaeozoic 
biostratigraphical and palaeoenvironmental studies. As they represent primary producers 
from surface waters (within the photic zone), show abundance and diversity variation with 
proximity to the nearshore and in relation to carbon isotope excursions, and are readily 
fossilised, acritarchs are considered useful in interpreting changes in palaeoenvironmental 
conditions in surface waters from the nearshore to the outer-shelf. The findings of key 
studies that show the value of acritarchs as palaeoenvironmental indicators in the early 
Palaeozoic are discussed below in the context of changes in the abundance, diversity and 
composition of the microphytoplankton assemblages with regard to proximity from shore 
and carbon isotope excursions. 
Note that the term ‘microphytoplankton’ herein is used for the combined acritarch and 
prasinophyte component of the assemblage. This is used in order to avoid confusion as to 
position that sphaeromorphs hold within the assemblage as sphaeromorphs have been 
treated by various authors as either acritarchs or prasinophytes (see discussion below). 
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7.2. STUDIES SHOWING ACRITARCH COMMUNITY CHANGES BETWEEN 
PROXIMAL AND DISTAL SETTINGS IN THE EARLY PALAEOZOIC. 
 
7.2.1. ACRITARCH DIVERSITY CHANGES BETWEEN PROXIMAL AND DISTAL 
MARINE SETTINGS. 
 
It has been shown that acritarch assemblage diversity decreases from offshore (shelfal 
environments) towards the nearshore in the Early Palaeozoic. Dorning (1981b) reported a 
decrease from 25–60 species offshore to only 5–15 species in nearshore environments from 
the Ludlow shelf of South Wales and the Welsh Borderland. Li et al. (2004) reported a 
reduction from 40 acritarch species on the ‘offshore shelf’ to 10 species in nearshore 
environments of the Yangtze Platform, South China in the Early–Middle Ordovician. 
Acritarch diversity has also been reported to decline between shelfal facies into basinal 
facies (Molyneux 2009).  
The results of the studies of Dorning (1981b) and Li et al. (2004) imply that basinward 
advance of the shoreline generated by falling sea-level should be associated with a 
reduction in acritarch diversity (Loydell et al. 2013). 
 
7.2.2. COMPOSITIONAL VARIATION IN THE ACRITARCH ASSEMBLAGE 
BETWEEN PROXIMAL AND DISTAL MARINE SETTINGS. 
 
Compositional changes occur within the acritarch assemblages, particularly with regard to 
morphological criteria (that may be associated with specific genera), from offshore 
environments towards the nearshore.  
Jacobson (1979) identified and associated three microplankton groups with specific 
palaeoenvironments over a regressive sequence from the middle to late Ordovician of New 
York State and the Cincinnati Region: a ‘leiosphaerid class’ associated with near-shore 
shallow-water environments, a ‘peteinosphaerid-Dicommopalla class’ associated with a 
shoal environment, and a ‘baltisphaerid-veryhachiid-Polygonium class’ associated with an 
open-sea environment.  
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Dorning (1981b) investigated acritarch assemblages from the Gorstian and Ludfordian of 
South Wales and the Welsh Borderland. Three distinctive acritarch assemblages are 
recognised by Dorning (1981b) from nearshore, offshore shelf, and deep water 
environments respectively (fig. 3.2 therein). Low diversity assemblages were reported 
from nearshore and deep water environments. 
Acritarchs with long and complex processes are generally accepted as characterising 
offshore marine environments. Al-Ameri (1983) linked the distribution of selected 
acritarchs with informal palynofacies types for the late Silurian of the Ghadāmis Basin, 
Libya. Acritarchs with simple spines were reported as occurring nearer to shore, whereas 
forms with branching spines occurred more distally. Al-Ameri (1983) reported that 
nearshore facies were dominated by sphaeromorphs whereas, further from the shoreline, 
acanthomorphic acritarchs became abundant and highly diverse, with high abundance and 
diversity peaks also recognised for polygonomorph and netromorph acritarchs. 
Li et al. (2004) reported a prominence of acritarchs with simple morphologies 
(micrhystrids, leiosphaerids, fusiform acritarchs) in nearshore environments while 
acritarchs with longer and more complexly branched processes were prevalent on the 
offshore shelf of the Yangtze Platform, South China in the Early–Middle Ordovician. 
Richardson and Rasul (1990) investigated palynomorph assemblages from geographically 
widespread samples within the Welsh Borderland from the late Silurian (Ludlow and 
Přídolí). In regressive sequences they observed that sphaeromorphs became a more 
dominant, if not the most dominant, part of the microphytoplankton assemblage. 
Stricanne et al. (2004) reported that process-bearing acritarchs (e.g. acanthomorphs) 
increase in relative abundance towards the distal shelf whilst sphaeromorphs decrease in 
relative abundance from an inshore-offshore transect (marine lagoonal environments to 
distal shelf facies) from the Gorstian, lower Ludlow (upper Silurian) of Gotland, Sweden. 
Stricanne et al. (2004, 2006) reported that morphotypes of Micrhystridium with shorter 
processes were more prevalent in proximal environments whereas morphotypes bearing 
longer and more complex processes occur in more distal shelf environments. 
An increase in the relative abundance of the sphaeromorph component of a 
microphytoplankton assemblage is generally accepted to demonstrate shallowing. This 
shallowing may occur along a transect from offshore to nearshore (such as those reported 
by Dorning 1981b, Li et al. 2004, Stricanne et al. 2004). Alternatively, this shallowing 
  
208 
 
may be observed within a regressive sequence (such as those reported by Jacobsen 1979, 
Richardson and Rasul 1990). 
 
7.2.2.1. Variation in the number of processes in veryhachiids. 
 
Richardson and Rasul (1990) observed that within the proximal part of the outer neritic 
palaeoenvironment three-spined veryhachiids (simple, process-bearing acritarchs with a 
polygonal vesicle outline) were dominant whereas within the distal part of this 
palaeoenvironment four-spined veryhachiids were dominant. Le Hérissé (2002) made 
similar observations from a palynological study from the northern Gondwanan margin of 
the early Silurian in Saudi Arabia. Loydell et al. (2009) showed, using a multiproxy 
approach, a high relative abundance of three-spined forms of Veryhachium within a ‘hot 
shale’ from the middle Rhuddanian BG-14 well, southern Jordan, which was deposited 
during a regression. 
As part of an investigation into the temporal distribution of acritarchs and prasinophytes 
from the type lower Ludlow Series of the Goggin Road section, Ludlow, England, Mullins 
et al. (2004) used multivariate statistics (cluster analysis, principal component analysis, 
and correspondence analysis) to resolve all of the species of Veryhachium and 
Dorsennidium (veryhachiid) into an ‘Association A’. Mullins et al. (2004) found this to 
indicate that both ‘three-’ and ‘four-’ process-bearing veryhachiid forms exhibited similar 
environmental tolerances. Furthermore, Mullins et al. (2004) considered that species 
within ‘Association A’ had the broadest range of environmental tolerance within the study. 
Consequently Mullins et al. (2004, p. 192) summarised that both ‘three-’ and ‘four-’ 
process-bearing veryhachiid forms ‘may have had broad palaeoenvironmental tolerances 
and that their ratio, therefore, may not be a reliable indicator of distance from shoreline’.  
A palynological study of the middle Rhuddanian of the EI-NC174 core, Murzuq Basin, 
southwest Libya reports that the relative abundance of veryhachiids bearing three or four 
processes fluctuates throughout the core (Loydell et al. 2013, fig. 9) supporting the 
observations of Mullins et al. (2004). 
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7.2.2.2. Variation in the number of processes in Diexallophasis remota. 
 
Loydell et al. (2013, fig. 10) reported changes within morphotypes of the Diexallophasis 
(= Evittia of some authors) remota group with specific process numbers (PN: 3, 4, 5, or 
6) or process length through a ‘hot shale’ deposited in a regressive sequence. For 
example, forms bearing six, long processes were reported to decline in relative abundance 
within and above the ‘hot shale’. 
 
7.3. RECENT PALYNOLOGICAL STUDIES THROUGH SILURIAN STRATA 
RECORDING POSITIVE δ13C EXCURSIONS. 
 
Despite the numerous palaeoenvironmental investigations involving microphytoplankton, 
considerably fewer studies have been undertaken combing microphytoplankton data with 
δ13Ccarb data from complete sections with good biostratigraphical control. However, several 
valuable studies have been undertaken highlighting the importance of this kind of work in 
accurately assessing the temporal relationship between carbon isotope excursions, 
associated environmental change, and faunal turnover during extinction events. 
Particularly where the timing and order of these events remains the subject of much debate 
(see discussion in Loydell 2007). Unfortunately, no high-resolution, quantitative studies of 
microphytoplankton assemblage variation through the early Sheinwoodian with direct 
correlation to carbon isotope data have been published. Despite this Gelsthorpe (2004) did, 
however, provide a semi-quantitative investigation of the palynomorph assemblages 
through the Ireviken Event at the well-investigated type locality for the event on Gotland. 
 
7.3.1. GELSTHORPE (2004). 
 
Gelsthorpe (2004) conducted a detailed study of late Llandovery to early Sheinwoodian-
age palynomorph assemblages from Gotland to investigate extinction/origination patterns 
within the acritarch community with regard to the timing of the stepwise extinctions 
recognised from conodonts during the Ireviken Event. Detailed abundance data was not 
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provided therein but Gelsthorpe (2004) reported a ‘gentle paced’ turnover within the 
acritarch assemblage with diversity changes not synchronous with extinctions occurring 
within the conodont fauna during the Ireviken Event. Gelsthorpe considered that the 
prevalence of originations/extinctions within the genera Multiplicisphaeridium, Oppilatala, 
Pterospermella, Salopidium, and Visbysphaera, many occurring in the upper part of the 
Upper Visby Formation, implied that these taxa lay at the very edge of their environmental 
tolerances on Gotland during the Ireviken Event. Gelsthorpe (2004) did not specify 
whether there were abundance changes with regards to netromorph genera within the 
study.  
Gelsthorpe (2004) suggested that the gentle paced turnover in the acritarch community 
could have been driven by sea-level changes that opened new niches locally and globally. 
Lithological changes between the Lower Visby Formation and the Upper Visby Formation 
are indicative of a changing depositional environment from below storm wave base in a 
distal setting (below the photic zone) to the photic zone which implies shallowing (i.e. sea-
level fall) (see discussion in Calner et al. 2004, p. 119).  
 
7.3.2. PORĘBSKA ET AL. (2004). 
 
Porębska et al. (2004) reported acritarch and prasinophyte abundance and diversity data 
with total organic carbon and δ13Ccarb data through a stepwise graptolite extinction and the 
mid-Homerian positive carbon isotope excursion from the Eastern European Platform. 
Porębska et al. (2004) reported a dominance of netromorph genera (specifically Leiofusa 
and Eupoikilofusa) over an interval where acritarch species diversity is reduced coincident 
with high δ13Ccarb values succeeding the onset of the positive carbon isotope excursion. 
Loydell (2007) observed that the acritarch species diversity and absolute abundance within 
the succession agree well with the sea-level curve of Loydell (1998) for the nassa 
graptolite Zone. 
 
7.3.3. STRICANNE ET AL. (2004, 2006).  
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A quantitative evaluation of the distribution of marine and terrestrial palynomorphs 
throughout the late Ludlow (Ludfordian) positive carbon isotope excursion on Gotland 
shows that fluctuations in the composition of the acritarch assemblages closely correlate 
with the stable isotope curve (Stricanne et al. 2004, 2006). These high resolution 
palynological studies utilised extremely well preserved palynomorph assemblages from 
sample localities with published carbon isotope data from diagenetically unaltered 
brachiopod shells (Samtleben et al. 2000). The methods and results presented by Stricanne 
et al. (2004, 2006) are discussed in greater detail later in this chapter. 
 
7.3.4. VECOLI ET AL. (2009). 
 
Vecoli et al. (2009) interpreted the presence of the early Sheinwoodian positive excursion 
from the stratigraphical variation of δ13Corg isotope data in the Tt1 borehole, Ghadāmis 
Basin, southern Tunisia, North Africa. Semi-quantative palynomorph abundance data are 
considered with regards to three groups: acritarchs, spores, and prasinophytes. A single 
datum point (sample ‘1286.9’) for the lower Silurian is correlated with low microplankton 
diversity with prasinophytes comprising 90% of assemblage and acritarchs comprising 
10% (Vecoli et al. 2009, fig. 8). At this level there is a positive peak in the of δ13Corg 
isotope curve.  
Unfortunately, Vecoli et al. (2009) presented low resolution palynomorph data from the 
early Sheinwoodian. A paucity of palynomorph data over the interval of the early 
Sheinwoodian positive carbon isotope excursion means that it is not possible to draw 
significant conclusions regarding changes to microplankton assemblages over this interval. 
 
7.4. DESCRIPTION AND DISCUSSION OF PALYNOMORPH DATA 
COLLECTION AND CATEGORISATION FOR PALAEOENVIRONMENTAL 
STUDIES. 
 
Processing techniques including material collection, acid digestion, sieving and slide 
making are discussed in chapter 3.  
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In order to investigate variation in the composition, abundance, and diversity of the 
microphytoplankton assemblage with direct relation to fluctuations in the δ13Ccarb curve 
(and associated palaeoenvironmental change) all palynological data discussed in this 
chapter are from levels coincident with δ13Ccarb isotope data for 45 samples. The first 300 
specimens, at least, from each sample were logged from the 10 μm fraction with 
subsequent specimens logged from the 53 μm fraction in order to ensure that larger 
acritarchs (e.g. netromorphs, ‘stellate’ polygonomorphs, and acritarch morphotypes 
bearing with long, complex processes) were included in the count. The palynological data 
from the 53 μm fractions was normalised to the 10 μm fraction to give accurate relative 
and absolute abundance values and also to ensure that palynomorph data was comparable 
with other studies (e.g. Loydell et al. 2009, Loydell et al. 2013, Stricanne et al. 2006) (see 
appendix 26 for description of the normalisation method employed herein). 
A total of 18,984 palynomorphs were logged from 45 samples, including questionably 
identified specimens. A total of 3,323 acritarchs and 9,572 sphaeromorphs were identified. 
The remainder of the counts were comprised of prasinophytes, spores, chitinozoans, and 
scolecodonts. Acritarchs were assigned herein to genera and species where possible with 
21 acritarch genera identified (including 3 questionably identified genera). 
The microphytoplankton assemblage groups presented, and associated palynological data 
of other groups, is from the lower part of the carbon isotope curve presented by Loydell et 
al. (2014, fig. 2). It was decided to focus upon samples from the lower part of this section 
for several reasons. Firstly, it was not feasible (due to time constraints) to study every 
sample from levels with geochemical data. Denser sampling over fewer strata was 
considered preferable to sampling the whole section at wider intervals, in order to produce 
the greatest resolution of data. Secondly, the lower part of the section has better graptolite 
and chitinozoan biostratigraphical control. Thirdly, data from similar studies (i.e. Stricanne 
et al. 2006) suggest that significant changes in the composition, abundance, and diversity 
in the microphytoplankton assemblage occur during the onset and early part of carbon 
isotope excursions. Consequently, palynomorph data from the initially rising values of 
δ13Ccarb in the lowermost part of the section, and subsequent rapid fluctuations, were 
considered potentially significant. Finally, as the top of the carbon isotope curve terminates 
in an interval of sustained high δ13Ccarb values it is accepted that the upper part of the 
excursion is not recognised from the data available currently from Buttington Brick Pit 
(Loydell et al. 2014). This means that the response of microphytoplankton to recovery 
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after the positive carbon isotope excursion recorded in the strata at Buttington Brick Pit 
cannot be investigated herein. 
As the investigation of the microphytoplankton assemblages focussed on parts of the 
succession where carbon isotope data showed large and/or rapid fluctuations, lower 
resolution data are observed for parts of the section with intervals of prolonged trends in 
δ13Ccarb values. 
Acritarch biostratigraphical schemes have not been applied to the acritarch assemblage 
discussed herein, because taxa identified to generic or specific level are stratigraphically 
long-ranging, and thus of little value to compliment the high resolution biostratigraphical 
study of the section (see list of genera and species including published stratigraphical 
ranges where appropriate in appendix 10). Additionally, a detailed taxonomic evaluation of 
acritarchs and prasinophytes is not among the aims of this project. 
 
7.4.1. GROUPINGS USED TO CHARACTERISE THE PALYNOMORPH 
ASSEMBLAGE.  
 
Stricanne et al. (2006, p. 9) broadly characterised palynological assemblages by attributing 
identified palynomorphs to informal groups. These informal groups are adopted in this 
study with minor adaptations (discussed below) that have been shown successful in a 
palynological study of middle Rhuddanian (Llandovery, lower Silurian) of the E1-NC174 
core, Murzuq Basin, southwest Libya (Loydell et al. 2013). 
The informal palynomorph groups composed of marine and terrestrial derived components 
outlined by Stricanne et al. (2004, p. 204) and Stricanne et al. (2006, p. 9) are as follows:  
- Process-bearing acritarchs ‘for convenience…termed ‘acritarchs’ includes ‘all 
acritarchs with processes that cannot be attributed to the prasinophytes’ (Stricanne et 
al. 2004, p. 204; Stricanne et al. 2006, p. 9) or the informal groupings for 
acanthomorphs, polygonomorphs, and netromorphs (see below). 
- Sphaeromorphs – ‘acritarchs devoid of processes and ornamentation’ (Stricanne et al. 
2006, p. 9). 
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- Acanthomorph acritarchs – ‘all acritarchs with more than 10 processes’ (Stricanne et 
al. 2006, p. 9). 
- Polygonomorph acritarchs – ‘all acritarchs with 3 to 6 processes’ (Stricanne et al. 
2006, p. 9). Stricanne et al. (2004, 2006) did not specify the requirement of a 
polygonal vesicle outline for morphotypes assigned to this informal grouping. 
- Netromorph acritarchs – ‘acritarchs with two processes at the ends’ (Stricanne et al. 
2006, p. 9). 
- Prasinophytes – ‘only ornamented morphotypes of leiospherid prasinophytes such as 
those belonging to the genera Cymatiosphaera Wetzel, 1933, Dictyotidium Eisenack, 
1955, Duvernaysphaera Staplin, 1961, Glyptosphaera Kirjanov, 1978, Melikeriopalla 
Tappan and Loeblich, 1971, and Pterospermopsis Wetzel, 1952’ (Stricanne et al. 
2004, p. 204). 
- Scolecodonts. 
- Chitinozoans. 
- Spores (land plant-derived palynomorphs). Stricanne et al. (2004, 2006) did not use 
the term ‘cryptospore’.  
 
To prevent ambiguity in the interpretation and subsequent application of Stricanne et al.’s 
(2004, 2006) palynomorph categorisation methods from their brief descriptions of the 
informal palynomorph groups, some groups are discussed and expanded upon below. 
Additionally, some minor adaptations have been applied to these informal groupings in 
order to make the scheme applicable to the palynomorph assemblage observed from 
Buttington Brick Pit.  
 
7.4.1.1. Polygonomorph acritarchs. 
 
Stricanne et al.’s (2006, p. 9) informal characterisation of the polygonomorph group as 
composed of ‘all acritarchs with 3 to 6 processes’ is adapted herein to include forms with 
at least 3 processes and no upper limit is placed upon process number. This approach 
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allows inclusion of all specimens assigned to genera with a stellate aspect in outline shape. 
More specifically, to the genera Barbestiastra, which may possess up to 10 processes, and 
Estiastra, which may possess in excess of 12 processes (Sarjeant and Stancliffe 1994, table 
3).  
This approach broadly separates polygonomorph forms into two sub-groups: (1) 
polygonomorphs with an angular vesicle shape and low numbers of processes (e.g. 
veryhachiids) (e.g. pl. 14. fig. 1), and (2) polygonomorphs with wide-based processes 
where it is difficult, if at all possible, to distinguish where the processes and vesicle meet 
(e.g. pl. 14. fig. 3). The latter groups have a stellate aspect in outline form (e.g. 
Barbestiastra). These differences are not used to subdivide polygonal groups herein as low 
numbers of specimens assigned to the polygonomorph group, particularly the ‘veryhachiid-
type’ forms, means that any meaningful separation and comparison between the groups 
cannot be undertaken with the data herein from Buttington Brick Pit. 
Polygonomorphs herein include specimens considered to possess angular vesicles (e.g. 
quadrate, triangulate, stellate), and which may have processes with wide process bases that 
can cause it to be difficult or impossible to determine an exact limit between vesicle and 
process. Taxa with a polyhedral aspect in outline shape that possess a globular spherical or 
subspherical central body and distinct processes with well-defined bases (e.g. 
Micrhystridium stellatum Deflandre) are not considered attributable to the polygonomorph 
group herein. Such specimens are assigned to the ‘acritarch’ or ‘acanthomorph’ group 
respectively, dependent upon process number. 
 
7.4.1.2. Non-polygonomorph, process-bearing acritarchs (for convenience herein termed 
‘acritarchs’). 
 
The construction of Stricanne et al.’s (2006) palynomorph categories suggest that their 
‘acritarch’ category is composed of process-bearing acritarchs that possess only 1, 7, 8, 9, 
or 10 processes. The adaptation to the polygonomorph group for this study (previously 
discussed) results in processes-bearing ‘acritarchs’ considered those specimens that 
possess 10 or less processes but cannot be considered polygonomorphs (including the 
‘stellate form’ discussed above), netromorphs, or prasinophytes.  
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7.4.1.3. Sphaeromorphs. 
 
Due to their external simplicity it is difficult to both distinguish the biological affinity of, 
and identify, simple, unornamented sphaeromorphs to specific level under light 
microscopy. This polyphyletic group may be partially or wholly constituted of acritarchs 
devoid of processes and ornamentation or smooth, simple prasinophytes. Regardless of 
biological affinity, this group is retained separately from acritarchs and prasinophytes and 
identification of species is not attempted.  
Stricanne et al. (2004, p 204) and Stricanne et al.’s (2006, p. 9) differing treatment of 
sphaeromorphs as a ‘polyphyletic unit that…may include unornamented acritarchs, but 
also alete spores or cryptospores…and/or prasinophytes (e.g. Tasmanites Wall, 1962)’ in 
the former study and in the latter study as ‘acritarchs devoid of processes and 
ornamentation’ has no real bearing on the results produced in their studies as they are 
retained in groups separate from ornamented prasinophytes, spores, and acritarchs.  
 
7.4.2. COMMENTS ON THE PRACTICAL APPLICATION OF THE PALYNOMORPH 
GROUPS OF STRICANNE ET AL. (2004, 2006) TO THE PALYNOMORPH 
ASSEMBLAGE AT BUTTINGTON BRICK PIT. 
 
The majority of palynomorph groups outlined by Stricanne et al. (2004, 2006) are 
observed in the Buttington Brick Pit section herein. The exception is the netromorph group 
which is potentially recognisable at Buttington Brick Pit, but from only three tentatively 
assigned specimens observed from a single sample (+2.00–+2.05 m). Such a small data set 
cannot be applied reliably for abundance calculations, and consequently this morphotype is 
excluded from relative abundance calculations.  
The acritarch genus Schismatosphaeridium does not fit obviously into the morphotype 
categories of Stricanne et al. (2004, 2006). Schismatosphaeridium rugulosum (Dorning) 
has a rugose ornament and is retained as an acritarch herein, as it recognised as an acritarch 
genus and possesses an ornament (albeit not distinct processes).  
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Published studies (including those discussed above) do not quantify the minimum length of 
a process and therefore it can be difficult to determine how some authors distinguish very 
short processes from a low ornament. This can make it difficult to determine the 
consistently of results between studies. To clarify: ‘acritarchs’ and acanthomorphs with an 
ornament of very short, fine spines are considered ‘process-bearing’ herein (e.g., the 
acanthomorph Visbysphaera microspinosa (Eisenack)) as this conforms to the descriptions 
of the morphological categories of Stricanne et al. (2004, 2006) most appropriately. 
 
7.4.3. OTHER CONSIDERATIONS IN PALYNOMORPH CATEGORISATION. 
 
In order to document any changes stratigraphically through the core, the process length and 
complexity in non-polygonomorph, process-bearing acritarchs were also considered during 
counting and identification (sensu Loydell et al. 2009, Loydell et al. 2013). 
 
7.4.4. ADDITIONAL COMMENTS ON OTHER PALYNOMORPH GROUPS. 
 
The chitinozoan data utilised in this chapter represents absolute or relative abundance data 
of the chitinozoan groups as a whole i.e. variations in generic and species abundance and 
diversity have not been considered. During analysis of samples, notes were maintained on 
the chitinozoan genera and species, where identifiable, as presence/absence data for the 
sample fraction as a whole but abundance data for specific chitinozoan genera/species 
within a sample fraction were not collected. This approach was adopted primarily as the 
chitinozoan biostratigraphy of the section had already been determined through 
palynomorph samples from higher-resolution sampling. Nonetheless, to confirm that key 
chitinozoan biostratigraphical levels were correct, all samples presented within this chapter 
were checked for biostratigraphically significant chitinozoan taxa. The occurrences of 
biostratigraphically important chitinozoans (that could be confidently identified through 
transmitted light microscopy) were found to agree with the biostratigraphical data 
presented herein from the scanning electron microscope -based study. A single specimen 
of Conochitina flamma Laufeld was recognised from transmitted light microscopy (pl. 13. 
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fig. 23) and the biostratigraphical significance of this taxon is discussed within chapter 6 
(see also figs 6.3 and 6.4). 
The lack of quantitative data for specific chitinozoan genera/species from glass microscope 
slides means that chitinozoan data cannot be normalised and integrated with the 
chitinozoan data derived from the SEM-based study and discussed in previous chapters. 
This is not considered a significant problem as intact chitinozoan vesicles constitute low 
numbers of the 10–53 µm sieve fraction (from which the first 300 specimens from a 
sample were counted) making it difficult to identify many specimens. Additionally, aside 
from some of the chitinozoan specimens figured using transmitted light microphotography 
(see pl. 13), all specimens encountered during slide logging were also encountered in at 
least moderate numbers when constructing the biostratigraphy of the section using 
scanning electron microscopy.  
 
7.5. PRESERVATION. 
 
A high proportion of amorphous organic matter (AOM) and structured organic matter 
(STOM) was found throughout the section, and abundance does not appear to fluctuate 
significantly throughout the samples. Fragments of broken graptolite rhabdosome occur 
frequently in the 53 μm fraction. 
Poor preservation of microphytoplankton occurs throughout the section and may possibly 
be caused by the formation of pyrite (pyrite is observed infilling burrows at some levels, 
see lithological logs in appendix 2) and/or by increased oxygenation of the sea floor 
(indicated by the abundance of shelly fauna and burrows at some levels, see lithological 
logs in appendix 2; fig. 2.4). Potentially, poor preservation decreases the available 
palynological data available which may, in turn, obscure a primary palaeoenvironmental 
signal (particularly with regards to absolute abundance and diversity). Additionally, if poor 
preservation is specific to particular morphotypes, groups, or genera, this may skew 
relative abundance data potentially removing or biasing significant palaeoenvironmental 
trends. With regard to the informal categories used to group palynomorphs (as discussed 
above), poor preservation probably affects the ratios used to compare some groups more 
than others (e.g. the relative abundance data of acritarch groups defined by process 
complexity are probably more affected than the relative abundance data of groups defined 
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by provenance, i.e. marine and terrestrial groups). Although poor preservation particularly 
affects ‘long, simple’- and ‘long, complex’- process-bearing acritarchs at Buttington Brick 
Pit, subtle abundance trends associated with sea-level changes and fluctuations in the 
carbon isotope curve can still be identified. 
Many specimens, particularly sphaeromorphs, are opaque in both the 10 μm and 53 μm 
light microscope slides throughout the section. With transmitted light microscopy, the 
chitinozoan genus Calpichitina could potentially be mistaken for opaque sphaeromorphs, 
particularly in the 53 μm fraction, due to the size and outline shape of the lenticular vesicle 
chamber possessed by this genus. The scanning electron microscope-based investigation of 
the chitinozoans at Buttington Brick Pit shows that Calpichitina is present throughout the 
section. This genus and is primarily represented by Calp. densa which possesses a short 
collarette (see Laufeld 1974) that can be used to distinguish it from sphaeromorphs. 
Unfortunately, this species is more difficult to distinguish when the vesicle is compressed 
perpendicular to the antiapertural pole (i.e. along the vesicle axis) during burial. Mullins 
and Aldridge (2004) commented that Pterochitina hughleyensis may potentially be 
misidentified as prasinophyte algae under transmitted light microscopy (see pl. 13, fig. 19). 
The SEM-based investigation of the chitinozoans from the section at Buttington Brick Pit 
shows that Pter. hughleyensis occurs in low numbers confined to the lower part of that 
section, and consequently misidentification of this species is unlikely to significantly skew 
prasinophyte abundance data. 
 
7.6. DIVERSITY.  
 
A Margalef Diversity Index plot does not reveal any obvious trends within the diversity of 
acritarchs through the section (fig. 7.1, appendix 25). This, and the consistently low 
acritarch diversity through the section, is probably significantly affected by the poor 
preservation of acritarchs. The complexity and length of process is significant to the 
diagnosis of many acritarch genera/species (e.g. Multiplicisphaeridium) and where 
processess are damaged or lost, neither genera nor species can be assigned (i.e. they are 
simply recognised as indeterminate acritarchs). 
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Fig. 7.1, The Margalef Diversity Index (Margalef 1958): ‘d = (S – 1) / ln N’. ‘S’ is the number of 
species, and ‘N’ is the total number of individuals in the sample applied the quantitate acritarch 
genera and species data (see appendix 25 for data and additional notes). 
 
7.7. SUMMARY OF THE δ13CCARB CURVE AT BUTTINGTON BRICK PIT.  
 
The early Sheinwoodian δ13Ccarb curve documented at Buttington Brick Pit (Loydell et al. 
2014, fig. 2) represents the lower part of a positive carbon isotope excursion that has been 
recognised globally during the early Sheinwoodian (see data compiled by Cramer et al. 
2010, and discussion in Munnecke et al. 2010, p. 410, and references therein). 
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The graptolite and chitinozoan biostratigraphical control of the section (Loydell et al. 
2014, and previous chapters herein) are closely but not directly related to the carbon 
isotope curve at this locality, with sampling resolution for biostratigraphical control (every 
5 cm) being of higher resolution than for the δ13Ccarb values (every 10 cm).  
Loydell et al. (2014) described changes and broad trends in the carbon isotope curve at 
Buttington Brick Pit that are adhered to where possible herein during descriptions and 
discussion in the following chapter sections (appendix 27).  
 
7.8. PALYNOLOGICAL DATA FROM LOCALITIES WITH δ13CCARB DATA IN 
THE WELSH BASIN AND WELSH BORDERLAND. 
 
δ13Ccarb isotope data directly correlating to the graptolite biostratigraphy of Loydell and 
Cave (1996) and palynomorph biostratigraphical study of Mullins and Loydell (2001) were 
investigated from the Banwy River section by Cramer et al. (2010). The onset of the early 
Sheinwoodian carbon isotope excursion is difficult to define at the Banwy River section as 
there is no clear inflection of the δ13Ccarb curve due to a more gradual increase in carbon 
isotope values from the upper Telychian. Consequently, the onset of the excursion at the 
Banwy River section is identified by Cramer et al. (2010) from the total organic carbon 
(TOC) data of Loydell and Frýda (2007), with biostratigraphical constraint to the upper 
murchisoni graptolite Biozone based on evidence from the Baltic Ohesaare and Ruhnu 
cores (Kaljo et al. 2007). 
The onset of the excursion in the Banwy River section occurs within the upper part of the 
margaritana chitinozoan Biozone (sample ‘+11.75’, = murchisoni graptolite Biozone; 
Mullins and Loydell 2001, Loydell and Frýda 2007, Cramer et al. 2010). At the base of 
bouniensis chitinozoan Biozone at sample ‘C +14.5’ (= upper murchisoni graptolite 
Biozone) is the peak of a low but rapid rise to more positive carbon isotope values (‘Grey 
Band #1’, Cramer et al. 2010, fig. 4). The highest stratigraphical level with both the 
δ13Ccarb and chitinozoan biostratigraphical data at Banwy River section is sample ‘C + 17’ 
(= firmus graptolite Biozone) which correlates to the base of bella chitinozoan Biozone. 
The two small positive peaks in the δ13Ccarb isotope curve (at +0.60–+0.65 m, = upper 
murchisoni graptolite Biozone, and +1.30–+1.35 m, = lower murchisoni graptolite 
Biozone, ‘lower part of-’ and ‘upper part of-’ the bouniensis chitinozoan Biozone 
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respectively) at the base of the Buttington Brick Pit section may broadly, but not precisely, 
correlate with two small peaks at samples ‘C +14.5’ (upper murchisoni graptolite Biozone, 
lowermost bouniensis chitinozoan Biozone) and ‘C +16’ (firmus graptolite Biozone, upper 
bouniensis chitinozoan Biozone). However, the equivalent stratigraphical interval at 
Banwy River section is more expanded and consequently these peaks may not be directly 
comparable even with chitinozoan and graptolite biostratigraphical control at these levels.  
The prominent negative excursion and subsequent recovery of the δ13Ccarb isotope data in 
the lower part of the riccartonensis graptolite Biozone (Cramer et al. 2010, fig. 4, ‘Grey 
Band #2’) recorded from the Banwy River section cannot be constrained by high resolution 
chitinozoan biostratigraphical control at this level, but is no older than the bella 
chitinozoan Biozone (Mullins and Loydell 2001; highest sample from study, ‘C +17’, is 
assigned to the base of the bella chitinozoan Biozone). The protracted interval of generally 
lower carbon isotope values from 7.05 m (or as low as 5.65 m) to 8.25 m identified at 
Buttington Brick Pit occurs within the bella chitinozoan Biozone and could perhaps be 
tentatively correlated with the negative δ13Ccarb peak in the riccartonensis Biozone in the 
Banwy River section (Loydell et al. 2014). Note that the Banwy River section has not been 
investigated for biostratigraphically significant chitinozoans over this interval, and the 
negative shift in carbon isotope values could potentially occur in chitinozoan biozones 
succeeding the bella chitinozoan Biozone. This topic and its significance to the overall 
palaeoenvironmental interpretation of the early Sheinwoodian at Buttington Brick Pit is 
further discussed in subsequent sections. 
Hughes et al. (2014) presented δ13Ccarb data from the lower part of the early Sheinwoodian 
carbon isotope excursion from the shallow-marine mixed carbonate and siliciclastic 
succession in the Tortworth and Woolhope inliers, Midland Platform, Welsh Borderland. 
They reported that δ13Ccarb values showed a rising trend from below the base of the 
Pycnactis Band, Brinkmarsh Quarry, and increase sharply above the band. This increase is 
approximately by a magnitude of 3 ‰, to 5.8 ‰, with increasing values continuing into the 
overlying carbonates in ‘very similar to the behaviour of δ13Ccarb values across the 
boundary of the Lower and Upper Visby Beds in Gotland (Sweden)’ (Hughes et al. 2014, 
p. 4). The Pycnactis Band is recognised as a prominent flooding surface and an epibole 
event by Hughes et al. (2014), equivalent to the ‘Phaulactis layer’ recognised on Gotland 
(see Munnecke et al. 2003). The sharp rise in carbon isotope values coincident with the 
deposition of the ‘Phaulactis layer’ on Gotland is due to discontinuous sedimentation 
associated with a maximum flooding surface (Munnecke et al. 2003). Unfortunately, the 
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succession at Brinkmarsh Quarry, suggested as being coeval with the interval in Gotland, 
has no graptolite, conodont, or chitinozoan biostratigraphical control at these levels. Swire 
(unpublished PhD thesis, fig. 20 and p. 36) commented that acritarchs are uncommon and 
chitinozoans are very rare through the succession exposed in Brinkmarsh Quarry, with 
only the genus ‘Conochitina spp.’ representing chitinozoans in this section. 
 
7.9. RESULTS. 
 
A ‘fold out’ sheet is provided as an accompaniment to the graphs presented within the 
following sections (appendix 27) and has two functions. Firstly, it clearly presents the 
levels from which both carbon isotope and palynomorph data (i.e. data provided within this 
chapter) are available with regard to sample height within the section. Secondly, the carbon 
isotope curve is annotated with trends as discussed by Loydell et al. (2014). It is 
recommended that the reader refers to this appendix before, and during, reading the 
following sections.  
 
7.9.1. DISTRIBUTION PATTERNS IN THE MAJOR PALYNOMORPH GROUPS. 
 
The informal palynomorph groups discussed within this section were defined by Stricanne 
et al. (2004, 2006): acritarchs (all morphotype groups and Schismatosphaeridium), 
sphaeromorphs (undifferentiated), prasinophytes (including herkomorphs), chitinozoans, 
scolecodonts, and spores. 
 
7.9.1.1. Absolute abundances. 
 
Absolute abundance throughout the section (= lower part of early Sheinwoodian excursion) 
is generally low. Sphaeromorphs and acritarchs are the dominant components of the 
microphytoplankton assemblage throughout the section reaching 1761 and 351 specimens 
per gramme of sediment respectively (appendix 11, 12). 
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Aside from the absolute abundance of some groups (prasinophytes, chitinozoans, 
scolecodonts, and additionally spores) showing a broadly inverse trend to the carbon 
isotope curve over rapid fluctuations from +4.95–+5.00 m to +6.05–+6.10 m, there are few 
obvious trends to suggest that changes in absolute abundances in marine microplankton 
groups are directly related to the carbon isotope curve (fig. 7.2, ‘A’).  
During the upper part of the section, all groups show a marked decline in absolute 
abundance that persists to the top of the section during the onset, or slightly preceding, the 
interval of generally lower carbon isotope values recognised from +5.65–8.25 m (see 
Loydell et al. 2014, appendix 27). Acritarch and scolecodont absolute abundance remains 
low from (and above) +5.85–+5.90 m and +5.65–+5.70 m respectively during falling / low 
carbon isotope values. The sphaeromorph and prasinophyte groups decline in abundance 
from +5.35–+5.40 m, just preceding the interval of generally lower carbon isotope values, 
with sphaeromorphs absolute abundance consistently low from +5.85–+5.90 m. Spores and 
chitinozoans decrease in abundance from +5.45–+5.50 m.  
No groups exhibit clear or consistently occurring trends in absolute abundance variation in 
relation to either prolonged trends or rapid shifts in the carbon isotope curve. In the lower 
part of the section, however, peaks in absolute abundance in all groups coincide with 
relative low carbon isotope values (e.g. peaks in all groups at +2.00–+2.05 m). Conversely, 
prominent peaks in acritarchs, chitinozoans, sphaeromorphs, spores, and prasinophytes 
coincide with relatively higher carbon isotope values within the general rise and fluctuating 
carbon isotope curve trends in the interval from 2.90 m to 5.65 m (fig. 7.2, ‘A’). 
The absolute abundance of spores cannot be correlated directly with the depositional facies 
in the marine realm as they represent part of a terrestrial signal, though they are usually 
found in greater abundances in more proximal settings (Stricanne et al. 2004, 2006).  
 
7.9.1.2. Relative abundances. 
 
With regard to acritarchs, there are no discernible pattern to fluctuations in relative 
abundance at the base of the section until +2.00–+2.05 m. Between +2.00–+2.05 m and 
+4.00–+4.05 m there is a broad decline in relative abundance that is inverse to the trend of 
broadly rising carbon isotope values in the carbon isotope curve over this interval. 
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Throughout the remaining upper part of the section, the relative abundance curve is 
broadly inverse to the carbon isotope curve with the exception of +5.45–+5.50 m to +5.75–
+5.80 m where a prominent negative shift in carbon isotope values is coincident with a 
decrease in the relative abundance of acritarchs. During two separate rises in isotopic 
values at +5.15–+5.20 m to +5.45–+5.50 m and at +8.18–+8.25 m to +8.50–+8.55 m, the 
acritarchs relative abundance show a similar trend of an initial fall associated with 
increasing carbon isotope values which recover back to low values before the peak in 
carbon isotope values is reached (fig. 7.2, ‘B’). 
Trends in the relative abundance of sphaeromorphs are broadly inverse to trends in the 
carbon isotope curve until +1.20–+1.25 m. Above this level, fluctuations appear to be 
random until +4.80–+4.85 m but perhaps there is an overall trend of decreasing values of 
relative abundance that is inverse to the trend of broadly rising carbon isotope values 
through this interval. Above +4.80–+4.85 m, trends in the fluctuations of the relative 
abundance of sphaeromorphs are similar to trends in the carbon isotope curve through a 
series of pronounce shifts until +6.05–+6.10 m. From +6.05–+6.10 m to +8.05–+8.10 m 
trends in the fluctuations of the relative abundance of sphaeromorphs are broadly inverse 
to the carbon isotope curve. At +7.05–+7.10 m a pronounced peak in relative abundance is 
not associated with obvious transitions on the carbon isotope curve but does occur within 
the lowermost part of an interval associated with low δ13Ccarb values (see appendix 27). 
Above this interval, sphaeromorph relative abundance rapidly increases coincident with a 
rapid transition to higher carbon isotope values from +8.18–+8.25 m to +8.30–+8.35 m 
(fig. 7.2, ‘B’). 
Similar general trends are observed when the relative abundance values are recalculated to 
include questionably-identified sphaeromorphs (i.e. very dark, occasionally broken 
specimens) (appendix 13, 14), showing that the data are not markedly skewed by the 
addition/omission of these.  
Prasinophytes occur in low relative abundance throughout the section (<10%). In general 
terms, a slight increase in relative abundance occurs over the moderately stable period of 
carbon isotope values, and the initial part of the fluctuating but rising carbon isotope 
values, from +2.00–+2.05 m to +4.70–+4.75 m, albeit with a large decrease in relative 
abundance at +3.50–+3.55 m (fig. 7.2, ‘B’).  
Prasinophytes are present consistently, albeit in low relative abundances, through the 
pronounced δ13Ccarb shifts from +4.80–+4.85 m to +6.05–+6.10 m. A slight, overall rise in 
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relative abundance occurs from +6.05–+6.10 m to +8.30–+8.35 m. An increase in relative 
abundance is coincident with a large, and initially rapid, increase in carbon isotope values 
from +8.18–+8.25 m to +8.50–+8.55 m with the relative abundance of prasinophytes 
increasing rapidly from +8.30–+8.35 m with a pronounced maximum peak at +8.40–+8.45 
m that precedes a peak in carbon isotope values at +8.50–+8.55 m. Above +8.40–+8.45 m 
prasinophytes relative abundance decreases until the top of the section (fig. 7.2, ‘B’). 
It is difficult to distinguish trends in the relative abundance of chitinozoans, as fluctuations 
appear to be random and frequently rapid throughout the section. An overall decrease in 
relative abundance occurs coincident to overall increasing carbon isotope values from 
+0.90–+0.95 m to +1.20–+1.25 m. From +1.40–+1.45 m pronounced fluctuations (possibly 
showing an overall trend of increasing relative abundance) coincide with a generally stable 
period of relatively low carbon isotope values, and a subsequent interval of fluctuating but 
generally rising carbon isotope values until +4.00–+4.05 m. From +4.70–+4.75 m to 
+6.05–+6.10 m relative abundance is broadly inverse to the pronounced shifts in carbon 
isotope values, though this occurs over a background of fluctuating relative abundance 
values. From +7.55–+8.00 m, trends in the relative abundance of chitinozoans are broadly 
inverse to the carbon isotope curve with relative abundance rapidly decreasing coincident 
with the rapid positive carbon isotope shift (from +8.18–+8.25 m to +8.30–+8.35). Rising 
relative abundance (at +8.40–+8.45 m) precedes the positive peak in carbon isotope vales 
at +8.50–+8.55 m (fig. 7.2, ‘B’). 
Scolecodonts occur in generally low relative abundances, but values fluctuate throughout 
the section. The maximum relative abundance of this group (6%) at +5.55–+5.60 m 
coincides with the lower part of the negative carbon isotope shift that occurs from +5.45–
+5.50 m to +5.75–+5.80 m (fig. 7.2, ‘B’). 
Spores occur in low relative abundance throughout the section (with the exception of the 
lowest sample, spores comprise <4% of the marine and terrestrial palynomorph 
assemblage). Initially, relative abundance values rapidly fluctuate in the lower part of the 
section (from the base to +0.50–+0.55 m). Above this, relative abundance decreases and 
values remain very low throughout the remainder of the section with minor peaks 
recognised from single data points occurring sporadically. A maximum peak in relative 
abundance occurs at +7.55–+8.00 m and coincides with a relatively low carbon isotope 
value that occurs during an interval recognised from protracted low carbon isotope values 
(fig. 7.2, ‘B’).   
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Fig. 7.2, A, absolute abundance of marine and terrestrial palynomorph groups (number of specimens per gramme). B, relative abundance of marine and terrestrial palynomorph groups (%). Carbon isotope data of Loydell et al. (2014). See 
appendix 12 and 13 for data. 
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7.9.2. DISTRIBUTION PATTERNS IN PROCESS-BEARING ACRITARCH GROUPS. 
 
The informal palynomorph groups discussed within this section were defined by Stricanne 
et al. (2004, 2006) with minor adaptions herein as outlined in previous sections: the 
‘acritarch’ subgroup, the acanthomorph subgroup, the polygonomorph subgroup (not 
defined with a maximum number of processess herein, see discussion above), and 
sphaeromorphs. Combined ‘acritarch’ subgroup and acanthomorph subgroup data are 
provided as this data collectively represents the non-polygonomorph, process-bearing 
acritarchs at the section herein. 
 
7.9.2.1. Absolute abundances. 
 
(Note – sphaeromorphs absolute abundances are discussed above in section ‘7.9.1.1.’). 
The ‘acritarch’ subgroup show highly fluctuating absolute abundance values (base to 
+1.30–+1.35 m) coincident with two, minor, transient rises in carbon isotope values in the 
lower part of the section. From +3.00–+3.05 m to +3.50–+3.55 m, and +4.95–+5.00 m to 
+5.15–+5.20 m there are rapid increases in relative abundance values to pronounced peaks. 
Slightly raised ‘background’ relative abundance values occur between +4.00–+4.05 m and 
+5.65–+5.70 m coincident with an interval of rapid and pronounced fluctuations in carbon 
isotope values. From +5.75–+5.80 m, relative abundance values decrease, coincident with 
the onset of a protracted interval of relatively low carbon isotope values, and remain low 
throughout the remainder of the section (appendix 11, 12, fig. 7.3, ‘A’).  
Fluctuations in the absolute abundance data of the acanthomorph subgroup show very 
similar trends, with regards to the carbon isotope curve, to those observed for the absolute 
abundance data of the ‘acritarch’ subgroup (albeit with higher absolute values).  
The absolute abundance values of the polygonomorph subgroup are low from the base of 
the section until +0.70–+0.75 m. Above this, fluctuations are pronounced and apparently 
random until +5.55–+5.60 m where relative abundance values are low and remain so 
throughout the section. This shift to sustained low absolute abundance values is coincident 
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with a trend in decreasing carbon isotope values that marks the onset of a protracted 
interval of relatively low carbon isotope values (fig. 7.3, ‘A’; appendix 27).  
A rapid increase in absolute abundance values for all process-bearing acritarch subgroups 
and sphaeromorphs at +2.00–+2.05 m coincides with relatively low carbon isotope values, 
and is not associated with any rapid changes in the carbon isotope curve (fig. 7.3, ‘A’).  
Peaks in the absolute abundance of the polygonomorph subgroup at +3.40–+3.45 m, and 
the ‘acritarch’ subgroup and acanthomorph subgroup at +3.50–+3.55, are the culmination 
of a general increase in absolute abundance and coincide with the lower part of an interval 
defined by a general overall rise in fluctuating carbon isotope values (appendix 27). A 
general trend in decreasing absolute abundance in the ‘acritarch’ subgroup and 
acanthomorph subgroup between +4.00–+4.05 m and +4.70–+4.75 m is coincident with a 
continuing trend of fluctuating but generally rising carbon isotope values. The absolute 
abundance of the polygonomorph subgroup fluctuates through this interval (fig. 7.3, ‘A’).  
Trends in the fluctuations of absolute abundance values of the ‘acritarch’ subgroup and 
acanthomorph subgroup are inverse to a prominent decrease and increase in carbon isotope 
values from +4.95–+5.00 m to +5.45–+5.50 m. The absolute abundance values of the 
polygonomorph subgroup generally increase throughout this interval. 
A prominent decrease and increase in carbon isotope values from +5.45–+5.50 m to 
+6.05–+6.10 m are broadly inverse to trends in the absolute abundance of the ‘acritarch’ 
subgroup and acanthomorph subgroup. The absolute abundance of the polygonomorph 
subgroup initially declines within this interval and a small peak in absolute abundance is 
inverse to the carbon isotope curve over +5.65–+5.70 m to +5.85–+5.90 m (fig. 7.3, ‘A’). 
Above +5.85–+5.90 m, all morphotype groups generally show relatively low absolute 
abundance values (with a slight peak in the process-bearing acritarchs at +7.05–+7.10 m) 
throughout the rest of the section, through the interval of relatively low carbon isotope 
values and their subsequent prominent increase (appendix 27). There is a very slight 
decrease in the absolute abundance of the ‘acritarch’ subgroup from +8.18–+8.25 m to 
+8.60–+8.65 m that coincides with a prominent increase in carbon isotope values. 
However, this decrease in absolute abundance may not be significant as it occurs during an 
interval of generally low absolute abundance values for the ‘acritarch’ subgroup (fig. 7.3, 
‘A’). 
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It is difficult to distinguish consistent trends between absolute abundance in process-
bearing acritarchs and the carbon isotope curve throughout the section. However, the 
absolute abundance of process-bearing acritarch groups (i.e. the ‘acritarch’, acanthomorph, 
and polygonomorph subgroups) show very similar trends throughout the section, which 
implies that the absolute abundance of polygonomorph morphotypes and for non-
polygonomorph are affected by the same controls (fig. 7.3, ‘A’). 
During an interval of rapid fluctuations in the carbon isotope curve, fluctuations in the 
absolute abundance of all groups (particularly the ‘acritarch’ and acanthomorph subgroups) 
show trends that are inverse to trends in the carbon isotope curve. Additionally, over the 
protracted interval of low carbon isotope values in the upper part of the section (appendix 
27), the same groups have relatively low absolute abundance. However, the relationship 
between fluctuations in the carbon isotope values and the absolute abundance of the groups 
is less clear in the lower part of the section (e.g. see the rapid fluctuations in the absolute 
abundance of non-polygonomorph, process-bearing acritarchs near the base of the section) 
(fig. 7.3, ‘A’). 
 
7.9.2.2. Relative abundances. 
 
The relative abundance of the ‘acritarch’, acanthomorph, and polygonomorph subgroups 
are plotted with the sphaeromorph group (fig. 7.3, ‘B’). Additionally, the relative 
abundance data of non-polygonomorph, process-bearing acritarchs are plotted from the 
combined ‘acritarch’ and acanthomorph subgroup data. Plots produced that include 
questionably-assigned specimens show no significant changes to trends, with the exception 
that polygonomorphs show slightly more pronounced peaks in relative abundance in the 
upper part of the section, none of which exceed 5% of total assemblage (appendix 16, 17, 
(fig. 7.3, ‘B’).  
Sphaeromorphs remain the largest component of the assemblage in comparison with 
process-bearing acritarchs through the section. The polygonomorph subgroup remains the 
most minor component, never exceeding 10% of assemblage through the section (fig. 7.3, 
‘B’). 
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Fluctuations within the relative abundance of the ‘acritarch’ subgroup are broadly inverse 
to trends in the carbon isotope curve until +0.60–+0.65 m. Throughout the succeeding 
interval, coincident with a moderately stable period of low carbon isotope values (appendix 
27), relative abundance fluctuates but remains low. From +4.30–+4.35 m, trends in the 
relative abundance are inverse to trends within the carbon isotope curve until +5.65–+5.70 
m (fig. 7.3, ‘B’). 
The initial increase and subsequent pronounced maximum peak of ‘acritarch’ subgroup 
relative abundance occurs over an interval of rapidly decreasing carbon isotope values 
(+5.45–+5.50 m to +5.65–+5.70 m). It should be noted that the initial decrease in relative 
abundance values may slightly precede the onset of the negative shift in carbon isotope 
values (from +5.35–+5.40 m), and that relative abundance values peak (+5.65–+5.70 m) 
slightly before a negative peak in the carbon isotope curve with a subsequent rapid 
decrease to previous levels values coincident to the negative peak in carbon isotope values 
(+5.75–+5.80 m). Throughout the rest of the section, the relative abundance of the 
‘acritarch’ subgroup remains low and moderately stable with ‘background’ fluctuations 
occurring at slightly increased relative abundance than for levels lower in the section 
(below +4.00–+4.05 m) (fig. 7.3, ‘B’).  
It is difficult to discern patterns in fluctuations in the relative abundance of the 
acanthomorph subgroup in the lowermost part of the section with regards to the carbon 
isotope data, as fluctuations appear to be highly variable. The highest values of relative 
abundance are reached within an interval of rapidly fluctuating relative abundance that 
occurs from the base of the section until +1.30–+1.35 m. Above this level, relative 
abundance is broadly inverse to the trends within the carbon isotope curve (fig. 7.3, ‘B’). 
Throughout the interval of generally lower carbon isotope values recognised from +5.75–
+5.80 m until +8.18–+8.25 m, the relative abundance of the acanthomorph subgroup 
fluctuates with trends broadly inverse to the carbon isotope curve and ‘background’ 
relative abundance perhaps slightly lower than that recognised for lower parts of the 
section (i.e. below +2.80–+2.85 m) (fig. 7.3, ‘B’). 
A prominent increase in the combined relative abundance of the ‘acritarch’ and 
acanthomorph subgroups (= non-polygonomorph, process-bearing acritarchs) occurs from 
+4.95–+5.00 m to +5.15–+5.20 m and is inverse to a coincident trend of decreasing carbon 
isotope values. A second, more prominent, increase in relative abundance occurs from 
+5.35–+5.40 m to +5.65–+5.70 m. The onset and initial rapid rise in relative abundance 
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slightly precedes the negative excursion in the carbon isotope curve (which begins at 
+5.45–+5.50 m). At the maximum of the negative shift in carbon isotope values (peaking 
at +5.75–+5.80 m), relative abundance has decreased to values nearly as low as those 
occurring before these two prominent decreases in carbon isotope values (fig. 7.3, ‘B’).  
The onset of a prominent shift to more positive carbon isotope values from +8.18–+8.25 m 
to +8.50–+8.55 m is associated with initially decreasing relative abundance in non-
polygonomorph, process-bearing acritarchs. Relative abundance increases to almost pre-
negative excursion levels coincident with the positive peak in the carbon isotope curve 
(+8.50–+8.55 m) (fig. 7.3, ‘B’). 
During the two minor positive carbon isotope shifts near the base of the section relative 
abundance values for the polygonomorph subgroup are consistently low, although minor 
fluctuations occur until +1.40–+1.45 m, and above this relative abundance increases. From 
+3.50–+3.55 m there is constantly low relative abundance until +5.15–+5.20 m. Above this 
level, relative abundance rises to a pronounced maximum at +5.35–+5.40 m that coincides 
with the upper part of a trend towards increasing carbon isotope values occurring from 
+5.15–+5.20 m to +5.45–+5.50 m. By +5.55–+5.60 m relative abundance has returned to 
very low values which remain low throughout the rest of the section (fig. 7.3, ‘B’).  
After initially fluctuating values (from the base to +1.20–+1.25 m), the relative abundance 
of sphaeromorphs broadly matches trends in the carbon isotope curve throughout the rest 
of the section (fig. 7.3, ‘B’).  
Aside from initial fluctuations, trends within the combined ‘acritarch’ and acanthomorph 
subgroups relative abundance data are broadly inverse to trends in the carbon isotope curve 
with prominent relative abundance peaks coinciding with peak low carbon isotope values 
(associated with rapid, pronounced fluctuations in the carbon isotope curve) at +5.15–
+5.20 m and +5.75–+5.80 m The polygonomorph subgroup relative abundance peaks 
between these at +5.35–+5.40, during rising carbon isotope values. The ‘acritarch’ 
subgroup show a more pronounced peak in relative abundance at +5.75–+5.80 m (in 
comparison with the peak at +5.65–+5.70 m), whereas the acanthomorph subgroup has a 
more protracted interval of higher values (fig. 7.3, ‘B’).  
The acanthomorph subgroup show a more definite and more consistent response, in 
comparison with the ‘acritarch’ subgroup, to the palaeoenvironmental changes associated 
with the positive shift in carbon isotope values over the interval +8.18–+8.25 m to +8.50–
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+8.55 m. The polygonomorph subgroup appears to show the most consistent response to 
the commencement and duration of the protracted interval of relatively low carbon isotope 
values occurring near the top of the section (appendix 27) with relative abundance low 
throughout (and remaining low until the top of the section) (fig. 7.3, ‘B’). However, the 
relative abundance of this group is generally low throughout the section. 
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Fig. 7.3, A, absolute abundance of process-bearing acritarchs and sphaeromorphs (number of specimens per gramme). B, relative abundance of process-bearing acritarchs and sphaeromorphs (%). Carbon isotope data of Loydell et al. (2014). 
‘Acritarchs’ = ‘acritarch’ subgroup. Acanthomorphs = acanthomorph subgroup. Polygonomorphs = polygonomorph subgroup. See appendix 12 and 16 for data. 
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7.9.3. PROCESS LENGTH AND COMPLEXITY IN NON-POLYGONOMORPH, 
PROCESS-BEARING ACRITARCHS. 
 
7.9.3.1. Absolute abundances. 
 
Due to poor preservation of processes it is not possible to determine the true absolute 
abundance of various groups with regard to the carbon isotope curve. Very low absolute 
abundance occurs in all categories of process length and complexity in non-
polygonomorph, process-bearing acritarchs throughout the section. The absolute 
abundance data are briefly discussed, where relevant, in subsequent section within this 
chapter (all data provided in appendix 18, 19, 20). 
 
7.9.3.2. Relative abundances. 
 
Stricanne et al. (2004, 2006) and Loydell et al. (2013) quantified the informal categories 
defining process length and complexity using very similar approaches. Process length was 
investigated by comparing morphotypes assigned to informal categories that were defined 
by process length in relation to vesicle radius or diameter. Process complexity was 
considered in two informal categories: ‘simple’ for processes that are ‘spine-like’ and do 
not branch, and ‘complex’ for ramified processes. 
Stricanne et al. (2004, 2006) investigated changes in process length and complexity of 
specimens assigned to Micrhystridium, the most abundant genus across the samples in their 
study. Morphotypes of Micrhystridium were assigned to informal categories defined from 
various species considered to display specific process length and/or complexity in relation 
to vesicle diameter. Stricanne et al. (2004, p. 207–208) outlined the first category, 
‘morphotypes with short processes’, as being composed of all morphotypes with short 
processes assigned to Micrhystridium nannacanthum and Micrhystridium 
parinconspicuum. Micrhystridium morphotypes of this category possess processes with 
lengths that do not exceed the vesicle radius. The second category, ‘Micrhystridium 
stellatum s.l.’ was defined by the species Micrhystridium stellatum Deflandre. Specimens 
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assigned to this category possess simple processes with lengths that exceed the vesicle 
radius. The third category is represented by specimens assigned to Micrhystridium 
imitatum Deflandre that possess ‘long and ramified processes (only bifurcate)’ (Stricanne 
et al. 2004, p. 207). No specific process length to vesicle length relationship was specified 
for this latter category by Stricanne et al. (2004, 2006). 
Loydell et al. (2013, p. 244–245) investigated changes in the process length and 
complexity of non-polygonomorph, process-bearing acritarchs, with ‘long’ processed 
morphotypes being defined as specimens with processes ‘greater than the vesicle diameter 
in length’ and ‘short’ processed morphotypes being those specimens with processes ‘less 
than the vesicle diameter in length’. Loydell et al. (2013, fig. 11) assigned non-
polygonomorph, process-bearing acritarchs to four informal morphotypes groups: ‘short, 
simple processes’, ‘short, complex processes’, ‘long, simple processes’, and ‘long, 
complex processes’. 
Unfortunately the poor preservation of acritarch processes, particularly the frequent 
breakage of the distal part of process, throughout the section at Buttington Brick Pit 
(herein) makes it difficult to directly apply the approaches outlined above. This is primarily 
because the assemblage is potentially affected by two biases: 
1) Preservational bias. This may occur within or between genera, morphotypes, and 
groups. It could be supposed that acritarchs with few, long and/or ramified processes (e.g. 
Multiplicisphaeridium) are more likely to have processes broken than forms with dense, 
very short processes (e.g. Visbysphaera microspinosa) as they are more fragile relative to 
shorter-spined taxa. If this is the case, then there is a preservation bias, and hence a skew in 
the data, toward acritarchs with short, simple, robust processes. 
2) Identification bias. Acritarch processes may be either closed or open distally, where the 
process terminates. In some cases it can be difficult to determine whether processes are 
either broken or open distally, particularly in poorly preserved forms and/or forms with 
very narrow processes diameters where the breakage may not be observed clearly. If this 
bias occurs there is potentially an identification bias towards the abundance of acritarchs 
that possess simple and/or shorter processes. This bias could particularly have a negative 
impact on the relative abundances of poorly-preserved acritarchs with longer, and/or 
ramified processes.  
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Low numbers of non-polygonomorph, process-bearing acritarchs that possess process 
lengths exceeding the length of the vesicle diameter occur only sporadically throughout the 
section. Specimens that have process lengths that exceed the radius of the vesicle, but that 
do not exceed the vesicle diameter, occur more frequently, however. Consequently a 
combined approach with elements from both Stricanne et al.’s (2004, 2006) approach to 
Micrhystridium and Loydell et al’s. (2013) approach for non-polygonomorph, process-
bearing acritarchs was used herein to investigate changes in the process length and 
complexity of non-polygonomorph, process-bearing acritarchs. Note that Micrhystridium 
was not observed to be abundant throughout the section at Buttington Brick Pit so direct 
application of Stricanne et al.’s (2004, 2006) methods has not been possible herein. 
Four groups have been used herein to categorise process length and complexity in non-
polygonomorph, process-bearing acritarchs (sensu method of Loydell et al. 2013). The 
definition of long and short process categories is more similar to Stricanne et al. (2004, 
2006) than to Loydell et al. (2013): 
 ‘Short, simple’ process-bearing forms have simple, unbranched processes that do not 
exceed the radius of the vesicle in length.  
 ‘Long, simple’ process-bearing forms have simple, unbranched processes that exceed 
the radius of the vesicle in length.  
 ‘Short, complex’ process-bearing forms have branching processes (e.g. bifurcate, 
trifurcate, ramified) that do not exceed the radius of the vesicle in length.  
 ‘Long, complex’ process-bearing forms have branching processes (e.g. bifurcate, 
trifurcate, ramified) that exceed the radius of the vesicle in length. 
Acritarchs with processes confidently identified as broken are excluded from the data set 
used to determined relative abundance (with exceptions discussed below) (appendix 21, 
fig. 7.5). 
Non-polygonomorph acritarch morphotypes with ‘short, simple’ processes occur in high 
abundance and are a dominant component of the acritarch assemblage throughout the 
section. Non-polygonomorph acritarch morphotypes with ‘long, simple’ processes occur 
fairly consistently, albeit in lower relative abundance, throughout the section. Non-
polygonomorph acritarch morphotypes with ‘long, complex’ or ‘short, complex’ processes 
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generally occur inconsistently and in low abundance through the section (though see 
comments above about potential data biases). 
During the two minor positive carbon isotope shifts in the lowermost part of the section 
(which  are separated by a slight negative carbon isotope shift) until +1.30–+1.35 m there 
are no significant changes in the relative abundance of non-polygonomorph, ‘short, simple’ 
process-bearing acritarchs and relative abundance is very high. From the base of the 
section until +0.20–+0.25 m there is a very slight rise in relative abundance and values 
above this remain consistently high throughout (over 95% relative abundance of the total 
non-polygonomorph, process-bearing acritarch assemblage). Other non-polygonomorph, 
process-bearing acritarch morphotype categories show very low relative abundances at 
these levels. A transient, minor decrease in the relative abundance of non-polygonomorph, 
simple process-bearing acritarch morphotypes at +0.90–+0.95 m occurs at a level 
corresponding to low carbon isotope values. At this level there are minor increases in the 
relative abundance of all other non-polygonomorph, process-bearing acritarch morphotype 
categories (fig. 7.5, ‘A’). 
A prominent decrease in the relative abundance of non-polygonomorph, ‘short, simple’ 
process-bearing acritarchs, and less pronounced decrease in the relative abundance of non-
polygonomorph, ‘long, simple’ process-bearing acritarchs from +2.00–+2.05 m to +2.20–
+2.25 m coincides with relatively low carbon isotope values occurring within an interval of 
moderately stable carbon isotope values (appendix 27). This decrease occurs inversely with 
an increase in the relative abundance of non-polygonomorph, ‘long-’ and ‘short-’, 
‘complex’ process-bearing acritarchs which both have a pronounced maximum relative 
abundance at +2.20–+2.25 m (fig. 7.5, ‘A’).  
Both non-polygonomorph, ‘long-’ and ‘short-’, ‘complex’ process-bearing acritarchs have 
a trend of very low relative abundance, or are not observed, from +2.80–+2.85 m to +4.95–
+5.00 m during a protracted trend of fluctuating but broadly increasing carbon isotope 
values and the lower part of a succeeding interval characterised by rapid and pronounced 
fluctuating carbon isotope values (appendix 27). Non-polygonomorph, ‘long, simple’ 
process-bearing acritarchs generally occur throughout this interval albeit in low relative 
abundance (less than 5% relative abundance of the total non-polygonomorph, process-
bearing acritarch assemblage) (fig. 7.5, ‘A’).  
The prominent decrease in carbon isotope values between +5.45–+5.50 m and +5.75–+5.80 
m is not associated with any significant changes in the relative abundance of non-
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polygonomorph, ‘short, simple’ process-bearing acritarchs which maintain very high 
relative abundance through this interval (fig. 7.5, ‘A’). Over this interval there is a slight 
decrease in the relative abundance of non-polygonomorph, ‘long, complex’ process-
bearing acritarchs. 
During a protracted interval of decreased carbon isotope values from +5.65–+8.25 m 
(appendix 27), non-polygonomorph, ‘long, simple’ and ‘short, complex’ process-bearing 
acritarchs maintain low relative abundance or are not observed. Within this interval the 
relative abundance of non-polygonomorph, ‘long, complex’ process-bearing acritarchs are 
at slightly higher values (+6.05–+6.10 m to +7.55–+8.00 m). Non-polygonomorph, ‘short, 
simple’ process-bearing acritarchs continue to dominate the assemblage through this 
interval (fig. 7.5, ‘A’). 
The prominent increase in carbon isotope values between +8.18–+8.25 m and +8.50–+8.55 
m is not associated with any significant changes in the relative abundance of a specific 
non-polygonomorph, process-bearing acritarch group with regard to process length or 
complexity. During the subsequent decrease in carbon isotope values from +8.50–+8.55 m 
to +8.60–+8.65 m there is a corresponding rapid decrease in the absolute abundance of 
non-polygonomorph, ‘short, simple’ process-bearing acritarchs, while the relative 
abundance of non-polygonomorph, ‘short, complex’ process-bearing acritarchs increases 
(fig. 7.5, ‘A’). 
Previous studies suggest that falling/low sea-level would increase the relative abundance of 
‘short, simple’ process-bearing acritarchs, and inversely decrease ‘long, complex’ process-
bearing acritarchs (e.g. Stricanne et al. 2004, 2006; Loydell et al. 2009; Loydell et al. 
2013). This suggests that the relative abundance of non-polygonomorph, ‘short, simple’ 
process-bearing acritarchs should broadly match trends in the carbon isotope curve (if it is 
assumed that changes within the carbon isotope curve are related to changes in glacio-
eustatic sea-level – see later discussion), while conversely, relative abundance trends in 
non-polygonomorph, ‘long, complex’ process-bearing acritarchs should broadly be inverse 
to trends in the carbon isotope curve. However, there are no clear trends through some 
parts of the section at Buttington Brick Pit. Significant peaks and decreases in relative 
abundances of the morphotypes within the non-polygonomorph, process-bearing acritarch 
category do not appear to respond directly to rapid/significant shifts in the carbon isotope 
curve consistently throughout the lower part of the section - the effects may also be biased 
due to the poor preservation of many specimens, as discussed above (fig. 7.5, ‘A’). 
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In order to mitigate the possible effects of preservational bias during data analysis, a 
simplified version of the categories outlined above was produced with non-
polygonomorph, processes-bearing acritarchs considered by process length only (i.e. 
‘complex’ and ‘simple’ data was combined for ‘long’ and ‘short’ processess respectively). 
Unsurprisingly, the relative abundance of non-polygonomorph, ‘short, simple and 
complex’ process-bearing acritarchs show very similar trends to the non-polygonomorph, 
‘short, simple’ process-bearing acritarchs that are the dominant component of the non-
polygonomorph, process-bearing acritarch assemblage (fig. 7.5, ‘A’). However, the 
inclusion of relative abundance data from non-polygonomorph, ‘short, complex’ process-
bearing acritarchs to this group results in the decrease in relative abundance in non-
polygonomorph, ‘short, simple’ process-bearing acritarchs at +2.20–+2.25 m becoming 
less pronounced and ‘cancels out’ the opposing signals between the two groups that occurs 
between +8.50–+8.55 m and +8.60–+8.65 m. The relative abundance of non-
polygonomorph, ‘long, simple and complex’ process-bearing acritarchs shows random 
fluctuations throughout the section at Buttington Brick Pit. However, the positive relative 
abundance peaks observed within the non-polygonomorph, ‘long, complex’ process-
bearing acritarchs at +6.25–+6.30 m and +7.35–+7.40 m can still be observed as prominent 
features within the trends in relative abundance (fig. 7.5, ‘A’).  
In order to maximise the palaeoenvironmental ‘signal’ associated with fluctuations in the 
relative abundance of non-polygonomorph, process-bearing acritarchs, relative abundance 
was determined with the inclusion of obviously broken specimens where process length is 
longer than the radius but shorter than vesicle diameter (fig. 7.4). The rationale was that 
such specimens possessed ‘long’ processess regardless of their complexity and their 
inclusion in the relative abundance data set may ‘reveal’ trends previously ‘disguised’ by 
the poor preservation of the non-polygonomorph, process-bearing acritarchs. The inclusion 
of broken forms probably significantly biases the non-polygonomorph, ‘long, simple’ 
process-bearing acritarch category as broken forms are often inherently ‘simple’ as 
‘complex’ branching in the distal parts of the process (when / if present) is lost due to 
breakage (see examples with fig. 7.4). Nonetheless, this relative abundance dataset was 
plotted to the same four categories discussed above (fig. 7.5, ‘B’) to see if significant bias / 
changes could be recognised. In consideration of the increased preservational biases 
regarding the complexity of processess associated with this method, is appears likely that 
the simplified categories, where only length is considered (i.e. ‘complex’ and ‘simple’ data 
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was combined for ‘long’ and ‘short’ processess respectively), may allow for improved data 
analysis for these groups.  
For simplicity, where broken specimens (assigned to the non-polygonomorph, process-
bearing acritarch category) that possess a process length that is longer than the radius but 
shorter than the vesicle diameter are included in the data set, the data analysis method is 
called the ‘proxy method’ herein (fig. 7.5, ‘B’).  
Additionally, the relative abundance data set that excludes all broken specimens was 
plotted to the same four categories as utilised by Loydell et al. (2013, fig. 11): i.e. where 
‘long’ processes are those that are longer than vesicle diameter. This was in order to see if 
there is any variability in the different approaches used herein with regard to 
palaeoenvironmental signal (discussed below) (fig. 7.5, ‘B’). 
 
 
Fig. 7.4, Examples of acritarchs with obviously broken processess (see black arrows) where the length 
of the broken processes, ‘PL (min.)’, is greater than the length of the radius of the vesicle but less than 
the length of the vesicle. Examples show typical style of preservation for such specimens. Outline 
drawing of actual specimens from Buttington Brick Pit: ‘A’ = sample +0.80+0.85 m, slide a, 10 μm 
fraction, England finder reference L/333. ‘B’ = sample +0.80+0.85 m, slide b, 10 μm fraction, 
England finder reference M/324. 
 
With regards to relative abundance fluctuations, non-polygonomorph acritarchs bearing 
‘short, simple’ processess are dominant throughout the section. The method of Loydell et 
al. (2013) shows similar overall trends in relative abundance in comparison with the proxy 
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method for this group (fig. 75, ‘B’). However, there is a larger dominance of ‘short, 
simple’ processes-bearing acritarchs when using the method of Loydell et al. (2013) and 
fluctuations are generally less pronounced. From +3.50–+3.55 m to +4.95–+5.00 m 
fluctuations in relative abundance are only observed from the proxy method. Over the 
upper part of the interval of pronounced and fluctuating carbon isotope values (appendix 
27) the two methods show similar trends in fluctuations of relative abundance. The 
decrease in relative abundance that occurs within the protracted interval of low carbon 
isotope values from +5.65+8.25 m (appendix 27) is observed more clearly when using the 
proxy method. If the assumption that carbon isotope trends are ultimately controlled by 
sea-level change is correct (see discussion below), trends within the fluctuations of the 
relative abundance non-polygonomorph, ‘short, simple’ process-bearing acritarchs should 
broadly match the carbon isotope curve. However it is difficult to distinguish such trends 
using the method of Loydell et al. (2013) or the proxy method herein. The high relative 
abundance of non-polygonomorph, ‘short, simple’ process-bearing acritarchs throughout 
the section at Buttington Brick Pit are probably affected by a preservation bias against 
other non-polygonomorph, process-bearing acritarch groups and may not represent a 
primary palaeoenvironmental signal.  
Unsurprisingly, there is considerable disparity in the relative abundance of non-
polygonomorph, ‘long, simple’ process-bearing acritarchs between the proxy method and 
other methods used herein. Using the proxy causes non-polygonomorph, ‘long, simple’ 
process-bearing acritarchs to occur more consistently throughout the section at Buttington 
Brick Pit. However, rapid and pronounced fluctuations in relative abundance appear 
random. Due to the rarity of non-polygonomorph, process-bearing acritarchs with process 
lengths exceeding vesicle length, the method of Loydell et al. (2013) shows non-
polygonomorph, ‘long, simple’ and ‘long, complex’ process-bearing acritarchs to occur 
inconsistently and in very low relative abundance throughout the section herein (fig. 7.5, 
‘B’). 
Non-polygonomorph, ‘short, complex’ processes-bearing acritarchs show similar trends in 
fluctuating relative abundance in both the method of Loydell et al. (2013) and the proxy 
method herein. In comparison with the proxy method herein, relative abundance is slightly 
higher with the occurrence of this group slightly more consistent throughout the section 
when using the method of Loydell et al. (2013). There are no obvious trends with regard to 
the carbon isotope curve when using either method and relative abundance is generally low 
throughout the section herein (fig. 7.5, ‘B’). 
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There is a considerable disparity in the relative abundance of non-polygonomorph, ‘long, 
complex’ process-bearing acritarchs between the proxy method and the method of Loydell 
et al. (2013). Using the proxy method herein causes non-polygonomorph, ‘long, complex’ 
process-bearing acritarchs to occur more consistently throughout the section at Buttington 
Brick Pit with pronounced fluctuations at some levels not observed when using the method 
of Loydell et al. (2013). Relative abundance peaks associated with low carbon isotope 
values are observed for the non-polygonomorph, ‘long, complex’ process-bearing 
acritarchs at +6.25–+6.30 m and +7.35–+7.40 m when using the proxy method herein but 
not when using the method of Loydell et al. (2013) (fig. 7.5, ‘B’).  
Due to the paucity of specimens assigned as non-polygonomorph, process-bearing 
acritarchs with processess length exceeding vesicle diameter in the section at Buttington 
Brick Pit, the process length categories of Loydell et al. (2013) generally show a lower 
relative abundance and low fluctuations from the non-polygonomorph, ‘long, complex’ 
and ‘long, simple’ process-bearing acritarchs in comparison with methods where ‘long’ 
processess are considered those processess where process length is shorter than the vesicle 
diameter but longer than the length of the vesicle radius (e.g. Stricanne et al. 2004, 2006). 
Consequently, the method of Loydell et al. (2013) provides less consistent relative 
abundance data for non-polygonomorph, ‘long’ process-bearing groups and lower 
resolution with regard to fluctuations within relative abundance data in the section herein 
(in comparison with ‘process length’ categories of Stricanne et al. 2004, 2006).  
For the reasons previously discussed, the ‘process length’ categories of Stricanne et al. 
(2004, 2006) are the most suitable to apply to the non-polygonomorph, process-bearing 
acritarchs from the section at Buttington Brick Pit herein. However, the generally poor 
preservation of acritarchs within the section makes it difficult to distinguish primary 
palaeoenvironmental trends with regard to the relative abundance data for categories 
involving process length and complexity. In light of this, it may be more appropriate to 
consider the non-polygonomorph, process-bearing acritarch assemblage discussed herein 
by simplified categories, i.e. considering only process length. Particularly where broken 
specimens considered to represent non-polygonomorph, ‘long’ process-bearing acritarchs 
(but cannot be categorised by process complexity) are included in the relative abundance 
dataset. It is acknowledged that poor preservation still affects the relative abundance 
dataset of the simplified categories; however, it is considered that these categories may be 
less affected by poor preservation than categories that account for both complexity and 
length of processes.  
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No obvious trends can be recognised in the combined relative abundance values for the 
‘short, simple’ and ‘short, complex’ groups or the ‘long, simple’ and ‘long, complex’ 
groups when using the process length categories of Loydell et al. (2013) with regard to 
trends within the carbon isotope curve. This is probably due to the poor preservation of 
non-polygonomorph, ‘long’ process-bearing acritarch morphotypes with processess longer 
than the length of the vesicle diameter within the section at Buttington Brick Pit. The proxy 
method herein shows rapid and pronounced fluctuations in relative abundance at some 
levels, with increased percentages of relative abundance at some levels, throughout the 
section that appear to be random. The proxy method used herein does not appear to reveal 
significant trends for the relative abundance values of non-polygonomorph, ‘short’ 
process-bearing acritarchs with regard to the carbon isotope curve. 
The application of the process length categories of Loydell et al. (2013) (with data from 
obviously broken specimens excluded from relative abundance calculations herein), is a 
less biased approach than the proxy used herein. The latter method biases against non-
polygonomorph, ‘long, complex’ process-bearing forms (that are potentially more prone to 
breakage) as it inherently skews data toward non-polygonomorph, ‘simple’ and/or ‘short’ 
process-bearing forms (where complex process distal ends are broken).  
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Fig. 7.5, Relative abundance of the non-polygonomorph, process-bearing acritarchs with regard to process complexity (%). Carbon isotope data of Loydell et al. (2014). Descriptions of categories are in the main text. A, ‘long’ processes have a 
length exceeding the length if the vesicle radius. ‘Short’ processes have a length shorter than the vesicle radius. B, ‘black line’ indicates ‘proxy method’ herein with specimens that possess broken processes with a length exceeding the length of 
the vesicle radius but shorter than vesicle diameter are included in the data set. ‘Grey line’ indicates process categories method of Loydell et al. (2013) where ‘long’ processes have a length exceeding the length if the vesicle diameter (specimens 
with processess identified as broken not included within data). See appendix 21 for data. 
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7.9.4. DISTRIBUTION PATTERNS IN SELECTED ACRITARCH GENERA. 
 
7.9.4.1. Absolute abundances. 
 
The absolute abundance of all genera recognised within the section (including data from 
specimens assigned questionably to a specific taxon) are provided in appendix 23 (see also 
appendix 22). An in-depth discussion of fluctuations in the absolute abundance data for 
various genera is not provided herein as many specimens recognised as acritarchs or 
acanthomorphs could not be identified, or confidently identified, to genus level. 
Consequently, absolute abundance data are significantly affected by preservation and 
absolute abundance data herein is not a true reflection of absolute abundance for specific 
genera. 
 
7.9.4.2. Relative abundances. 
The relative abundance of acritarch genera is determined from the total number of 
identified genera within the section herein. Questionably identified genera were excluded 
from the relative abundance calculations. The graphs provided (fig. 7.6) present data from 
selected acritarch genera and genera with low abundance throughout the section (e.g. 
identified from a single level) are not included (the relative abundance data for such genera 
can be found in appendix 24  see Lophosphearidium, Pulvinosphaeridium, Estiastra, and 
Dorsennidium). 
Ammodinium occurs in very low relative abundance throughout the section, but does 
display a rapid increase from +8.50–+8.55 m to +8.60–+8.65 m associated with a rapid 
decrease in carbon isotope values. This genus is characterised by equifurcate processes 
with branching occurring on the distal extremities of processes (Lister 1970, p. 48). 
Specimens assigned to this genus herein have occasionally been identified from the 
presence of a single unbroken process and it is possible that the low relative abundance of 
this genus throughout much of the section may reflect poor preservation of the distal parts 
of processess as opposed to a primary palaeoenvironmental signal (fig. 7.6). 
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Baltisphaeridium occurs in low relative abundance throughout the section, except for a 
prominent peak in relative abundance at +5.75–+5.80 m that occurs coincident with a peak 
in low carbon isotope values which follows a trend of decreasing carbon isotope values. 
Small peaks in relative abundance throughout the section do not coincided with 
pronounced fluctuations within the carbon isotope data but do occur coincident with 
carbon isotope values between 0.5 and 1 ‰ VPDB (fig. 7.6). 
The genus Barbestiastra is the primary component of the part of the ‘polygonomorph’ 
acritarch subgroup (as defined herein) composed of stellate morphotypes with wide-based 
processes. Polygonomorphs with a similar outline (Estiastra, Pulvinosphaeridium herein) 
show very low relative abundance data from single levels and are not included in 
discussions of selected genera for that reason (fig. 7.6). 
In the lower part of the section Barbestiastra occurs in low, albeit fluctuating, relative 
abundance. From +1.40–+1.45 m to +3.00–+3.05 m relative abundance values are 
fluctuating but generally higher, with the maximum value at +1.60–+1.65 m. These higher 
relative abundance values occur over an interval of relatively low, moderately stable 
carbon isotope values, and an interval of gradually increasing carbon isotope values also. 
During the initial part of the subsequent protracted trend in fluctuating carbon isotope 
values (appendix 27), the relative abundance of this genus decreases with values generally 
low over this interval (except for a peak at +4.00–+4.05 m). Relative abundance remains 
generally low from +4.70–+4.75 m with Barbestiastra sporadically observed above this 
level. However, a rapid rise in relative abundance with a pronounced peak at +5.45–+5.50 
m occurs coincident with the upper part of a trend of rising carbon isotope values that 
subsequently a peak at +5.45–+5.50 m. Relative abundance rapidly decreases to lower 
levels by +5.55–+5.60 m and Barbestiastra occurs in low relative abundance, when 
present, through the remainder of the section during an interval of relatively low carbon 
isotope values (+5.65–+8.25 m) and pronounce positive shift in values (above +8.18–+8.25 
m). There is no clear relationship between either broad trends or rapid changes in the 
carbon isotope curve and relative abundance of Barbestiastra in the section herein (fig. 
7.6).  
Fluctuations within relative abundance of Diexallophasis are broadly inverse to trends 
within the carbon isotope curve in the lower part of the section from the base until +1.20–
+1.25 m and again the over the pronounced carbon isotope fluctuations that occur between 
+4.80–+4.85 m to +6.25–+6.30 m. Generally, lower relative abundance occurs in the lower 
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part of the section with a generally higher, albeit fluctuating, relative abundance occurring 
above +4.30–+4.35 m (fig. 7.6).  
Despite pronounced fluctuations in relative abundance of Diexallophasis occurring 
throughout the section, relative abundance appears to be slightly higher from +6.05–+6.10 
m to +8.05–+8.10 m, with regards to both ‘background’ and peaks in relative abundance. 
This interval coincides with a protracted interval of relative low carbon isotope values 
(appendix 27). 
During the lower part of the shift to more positive carbon values near the top of the section, 
Diexallophasis rapidly increases in relative abundance (over +8.18–+8.25 m to +8.30–
+8.35 m). Before the culmination of the positive carbon isotope shift (peak at +8.50–+8.55 
m), relative abundance decreases to the extent that this genus is no longer observed further 
in the section (fig. 7.6). 
In general terms, the relative abundance of Diexallophasis appears to decrease with 
increasing positive carbon isotope values. However this trend is not observed throughout 
the section. Unfortunately, many of the specimens assigned to Diexallophasis from the 
section frequently have incomplete processes. This poor preservation undoubtedly leads to 
bias in the morphological dataset for Diexallophasis, and thus and precludes a focused 
investigation of process length for specimens of Diexallophasis in the section herein (as 
was conducted by Loydell et al., 2013, p. 244 and fig. 10, where changes in frequency of 
process number for specimens assigned to the Diexallophasis remota group are considered 
with changing palaeoenvironmental conditions). Consequently it is not possible to 
establish if subcategories for the Diexallophasis remota group based on process length, 
processes complexity, or process number have any relationship to trends in relative 
abundance, or lack thereof, at some stratigraphical levels for this genus at Buttington Brick 
Pit (fig. 7.6).  
Due to a low overall number of specimens assigned to Diexallophasis is it not possible to 
determine if poorly-preserved forms are prevalent throughout the section, or only occur at 
specific levels/intervals. Additionally, poor preservation may mean that specimens 
attributable to this genus are underrepresented within the section. For example, specimens 
belonging to the Diexallophasis remota group, in which specimens processes longer than 
the vesicle radius (‘0.8–2.0 times vesicle diameter’ in length, Playford 1977, p. 20) are 
difficult/impossible to confidently identify in many cases and are recorded as questionable 
specimens of Diexallophasis herein and consequently not included in relative abundance 
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calculations (to avoid including the morphologically similar forms of the genera 
Tylotopalla or Evittia) and significant relative abundance data could be lost for this genera 
(fig. 7.6). 
Gorgonosphaeridium has a fluctuating but generally low relative abundance throughout the 
section. A maximum abundance peak at +8.30–+8.35 m occurs within a pronounced rising 
trend to more positive carbon isotope values (appendix 27). The relative abundance of this 
genus show a trend of decreasing relative abundance values (between +8.30–+8.35 m and 
+8.60–+8.65 m), that commences before the peak of the trend towards higher carbon 
isotope values is reached at +8.50–+8.55 m (fig. 7.6). 
Helosphaeridium has fluctuating but generally low relative abundance throughout the 
section. Relative abundance increases and reaches a maximum peak (at +0.40–+0.45 m) 
during the increasing carbon isotope values from the base of the section until +0.40–+0.45 
m. Relative abundance decreases rapidly above this before the carbon isotope values peak 
at +0.60–+0.65 m. A prominent rise in relative abundance between +6.05–+6.10 m to 
+6.25–+6.30 m is associated with a minor positive carbon isotope shift with relative 
abundance remaining relatively high until +7.55–+8.00 m through a protracted interval of 
relatively low carbon isotope values (appendix 27). Helosphaeridium is not observed from 
the section herein through the prominent shift to more positive carbon isotope values 
between +8.18–+8.25 m to +8.50–+8.55 m (fig. 7.6). 
Micrhystridium generally occurs throughout the section in low relative abundance with no 
prominent peaks. Trends in increasing relative abundance are associated with rising trends 
towards higher carbon isotope values at some levels in the section (e.g. from +2.00–+2.05 
m to +2.20–+2.25 m; +2.80–+2.85 m to +3.00–+3.05 m; +5.75–+5.80 m to +6.05–+6.10 
m). Conversely, however, this genus is not observed over the interval with a prominent 
positive carbon isotope shift from +8.18–+8.25 m to +8.50–+8.55 m (fig. 7.6).  
Specimens attributed to Micrhystridium generally possess simple, short processes (i.e. 
processes that are shorter in length than the length of the vesicle radius) throughout the 
section herein and occur sporadically in generally low relative abundance. Unfortunately, 
insufficient numbers of species/morphotypes assigned to this genus were observed from 
the section with which to investigate changes in the morphotypes of Micrhystridium with 
regard to palaeoenvironmental changes (sensu Stricanne et al. 2004, 2006) (fig. 7.6). 
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Multiplicisphaeridium and Oppilatala occur in very low relative abundance throughout the 
section and are observed sporadically. These genera are discussed together, as they both 
possess ramified processes and are probably underrepresented in this section because of 
preservational bias (discussed above). Multiplicisphaeridium and Oppilatala show a slight 
increase in relative abundance, with very small peaks at +0.80–+0.85 m and +0.90–+0.95 
m respectively, at levels with relatively low carbon isotope values that occur within a 
minor trend of decreasing carbon isotope values. The relative abundance of Oppilatala has 
a second small peak at +2.20–+2.25 m. Both of these genera reappear at +5.55–+5.60 m 
and above this level Multiplicisphaeridium occurs more consistently than for the lower part 
of the section in low relative abundance until +7.55–+8.00 m. Small peaks in the relative 
abundance of Oppilatala occur at +5.55–+5.60 m and at +7.35–+7.40 m however this 
genus appears more sporadically than Multiplicisphaeridium above +5.55–+5.60 m. This 
trend of reappearance, and generally more consistent occurrence within the section at 
Buttington Brick Pit, for both genera broadly coincides with an interval of decreasing /low 
carbon isotope values associated with an interval of relatively lower carbon isotope values 
(+5.65+8.25 m). During the subsequent positive rise in carbon isotope values (from 
+8.18–+8.25 m to +8.50–+8.55 m), neither of these genera is observed. The preservational 
bias that is likely affecting genera with longer, ramified processes may be artificially 
decreasing the data set and masking trends in relative abundance for both 
Multiplicisphaeridium and Oppilatala (fig. 7.6).  
The relative abundance of Salopidium show rapid and pronounced fluctuations within the 
lower part of the section at Buttington Brick Pit with relative abundance exceeding 60 % at 
some levels (fig. 7.6). Two prominent rises in relative abundance (separated by an interval 
of low relative abundance) near the base of the section are broadly coincident with rising 
carbon isotope values (fig. 7.6). Relative abundance broadly matches prominent carbon 
isotope trends occurring over +4.30–+4.35 m to +5.55–+5.60 m. From +5.45–+5.50 m to 
+8.30–+8.35 m Salopidium is observed inconsistently within the section in low relative 
abundance coincident with decreasing carbon isotope values and a protracted interval of 
relatively low carbon isotope values (appendix 27). A rapid increase and peak in relative 
abundance at +8.40–+8.45 m occurs within a trend of increasing carbon isotope values 
(appendix 27), however, relative abundance returns to low values before the peak in 
positive carbon isotope values at +8.50–+8.55 m (fig. 7.6). 
Schismatosphaeridium, primarily represented by Schismatosphaeridium rugulosum, occurs 
in very low abundance inconsistently through the section. This genus occurs more 
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consistently with a general increase in relative abundance (including maximum relative 
abundance) at +7.05–+7.10 m and +7.55–+8.00 m, coincident with the low carbon isotope 
values within a protracted interval of relatively low carbon isotope values (appendix 27, 
fig. 7.6). 
Tylotopalla occurs in very low abundance and is not generally observed below +5.35–
+5.40 m. The maximum peak in relative abundance is at +5.35–+5.40 m occurring within a 
trend of increasing carbon isotope values. From +5.65–+5.70 m to +7.35–+7.40 m 
Tylotopalla is not observed with the section but reappears from +7.55–+8.00 m to +8.30–
+8.35 m in levels broadly coincident with the upper part of a protracted interval of 
relatively low carbon values (appendix 27, fig. 7.6). 
Visbysphaera is predominantly represented by the non-polygonomorph, short process-
bearing taxon Visbysphaera microspina, and is a dominant component of the acritarch 
assemblage in many parts of the section. Its relative abundance fluctuates frequently 
throughout the section with significant, pronounced shifts in relative abundance 
particularly distinct in the lower part of the section until +1.40–+1.45 m (fig. 7.6). From 
+6.25–+6.30 m to +8.05–+8.10 Visbysphaera has generally increased relative abundance 
as evidenced by the relatively higher ‘background’ relative abundance values over this 
interval. This coincides within a protracted interval of relatively low carbon isotope values 
(appendix 27, fig. 7.6). Some pronounced peaks created by transient and rapid rises in 
relative abundance match trends of increasing carbon isotope values (e.g. the rising peak in 
relative abundance from +3.40–+3.45 m to +3.50–+3.55 m). However, this is not always 
the case, the rapid, initial part of a prominent trend towards more positive carbon isotope 
values (at +8.18–+8.25 m to +8.30–+8.35 m) is accompanied by a rapid and major 
decrease in the relative abundance of Visbysphaera (fig. 7.6).  
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Fig. 7.6, Relative abundance of selected acritarch genera (%). Carbon isotope data of Loydell et al. (2014). See appendix 24 for data. 
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7.10. DISCUSSION AND INTERPRETATION. 
  
The early Sheinwoodian positive δ13Ccarb excursion has been shown to be coincident with a 
third (possibly fourth) order eustatic fall in sea-level, from high levels in the murchisoni 
graptolite Biozone to falling/low levels in the firmus and riccartonensis graptolite biozones 
(Loydell 1998, Loydell 2007, and references therein). In the early riccartonensis graptolite 
Biozone, a minor fall and subsequent rise in sea-level was recognised by Loydell (1998). 
At Buttington Brick Pit, higher sea-level is recognised from the appearance of graptolitic 
hemipelagites in the middle/upper murchisoni graptolite Biozone. Falling sea-level through 
the lower part section is indicated by an increase in sediment particle size (i.e. the presence 
of sandy laminae) at some levels in the lower part of the riccartonensis graptolite Biozone. 
Also at this level at Buttington Brick Pit, increased oxygenation of the seafloor is indicated 
by burrows and abundant shelly benthos at certain levels (see lithological logs, appendix 
2). 
Changes in the relative abundance (and possibly the absolute abundance), and composition 
of the marine palynomorph assemblage throughout the section were apparently influenced 
by sea-level changes, with variations in the composition of the marine palynomorph 
assemblage correlating closely with the δ13Ccarb curve at specific levels. This relationship 
suggests that whatever is driving the shifts in the carbon isotope curve is affecting also the 
relative abundance of specific palynomorph morphotypes/groups.  
Munnecke et al. (2010) provided a synopsis of the current understanding of the 
relationships between biotic events and the chemical and physical processes occurring in 
the ocean and atmosphere during the Ordovician and Silurian. Therein, they summarised 
that although lower Palaeozoic positive carbon isotope excursions have distinct 
characteristics, they exhibit also many similarities that imply similar controlling 
mechanisms (e.g. high magnitude excursions, distinct lithological and biotic changes). 
Differing models have been proposed to account for the timing and relationship between 
the large positive carbon isotope excursions occurring in the lower Palaeozoic, with respect 
to extinctions and palaeoenvironmental change (for simplicity, such models are simply 
referred to as ‘models’ within the text herein). Considering the broadly-synchronous 
occurrence of some of these positive excursion events at some levels in multiple regions 
(e.g. the early Sheinwoodian positive carbon isotope excursion; Cramer et al. 2010  see 
references in Munnecke et al. 2010), these models need to consider large-scale changes at 
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resolutions that can be correlated between regions and supported by a variety of proxies 
(e.g. the lithological record, palaeontological evidence, etc). Loydell (2007, p. 531) 
emphasised that such models for the early Silurian δ13Ccarb record must consider three 
significant criteria. Firstly, positive δ13Ccarb excursions are coincident with intervals of low 
eustatic sea-level. Secondly, the magnitude of carbon isotope excursions declines 
basinward. Thirdly, graptolite extinction events are coincident with both positive δ13Ccarb 
excursions and intervals of lowered eustatic sea-level. Some of the models predict 
glaciation in high latitudes in order to produce changes in ocean circulation, or a globally 
significant fall in sea-level, required to act as a driving mechanisms for the carbon isotope 
excursion.  
The models outlined below have been proposed by various authors in order to account for 
many of these changes. No single model, however, accounts for all criteria that need to be 
addressed for the early Sheinwoodian positive carbon isotope excursion, and the models 
themselves are not in general agreement on the forcing mechanisms involved in these 
changes. The models were discussed in detail by Loydell (2007) and Munnecke et al. 
(2010), and references therein. A brief summary is provided below. 
 
7.10.1. THE INCREASED CARBON BURIAL HYPOTHESIS. 
 
Both the chemical composition of abundant, easily-fossilised planktonic organisms (e.g. 
graptolites) and the widespread nature of poorly-oxygenated deep marine water in outer 
shelf/basinal facies during the Silurian were conducive to increased carbon burial. Rapid 
burial of plankton with vesicles/rhabdosomes preferentially composed of ‘light’ carbon 
isotopes could potentially remove significant quantities of carbon from the oceans, 
producing a positive carbon isotope excursion. Falling sea-level within the early 
Sheinwoodian could have resulted in increased sediment input into marine basins, 
providing a mechanism for the rapid burial of organic matter and a driving force for the 
positive carbon isotope excursions (Loydell 1998, 2007).  
A significant increase in the rate of carbon burial would be indicated by increased/high 
levels of total organic carbon (TOC) in sediments. Unfortunately, many published δ13Ccarb 
isotope curves for the early Sheinwoodian excursion are not accompanied by TOC data so 
it is difficult to test the ‘increased carbon burial’ hypothesis in localities where this 
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excursion has been documented. Evidence herein from the Welsh Basin is discussed, but 
for a more encompassing review see Loydell (2007, p. 538). Note that subsequent to the 
publication of this review (Loydell 2007), Noble et al. (2012) confirmed that a positive 
δ13Cinorganic excursion coincident with, and succeeding, the high TOC values that occur 
below the mid-Homerian excursion in a deep marine section from Cape Phillips 
Formation, Arctic Canada (Noble et al. 2005, fig. 4, excursion ‘C1’) is in fact early 
Sheinwoodian in age (using new graptolite dating to recognise a ‘centrifugus–murchisoni’ 
biozone). Unfortunately, no palynomorph data were provided over this interval 
(preliminary data were presented from the Homerian to Gorstian). Noble et al. (2005, 
2012) reported a coincident onset and rise of TOC values with carbon isotope values in the 
upper Telychian, with TOC values peaking at a level coincident with the base of a 
sustained interval of relatively higher inorganic carbon isotope values  throughout the 
latter interval, TOC values decrease to values lower than those preceding the excursion 
(Noble et al. 2012, fig. 10). Interestingly, Noble et al. (2012) considered there to be a lack 
of correlation between TOC and δ13Ccarb values in the early Sheinwoodian, and that there 
was an insufficient TOC increase to explain to magnitude of the δ13Ccarb excursion therein. 
The former may be due to the fact that Noble et al. (2012) considered the onset of the 
positive carbon excursion to occur at level with relatively high carbon isotope values (at 
the base of an interval characterised by sustained relatively high carbon isotope values) 
instead of the, now conventional, ‘inflection’ in the carbon isotope curve as outlined in 
Cramer et al. (2010). 
The highest δ13Ccarb and TOC values in the Banwy River section (Loydell and Frýda 2007, 
Cramer et al. 2010) occur from the upper murchisoni graptolite Biozone through to at least 
the riccartonensis graptolite Biozone. Unfortunately, the exact onset of the δ13Ccarb 
excursion was not identified in the Banwy River section, as a broad rise in carbon isotope 
values is observed at the start of the excursion, preceded by rising isotopic values in the 
upper Llandovery (Cramer et al. 2010).  
Loydell (2007, p. 539) proposed that enhanced carbon burial associated with low sea-level 
was suggested by the ‘remarkable abundance’ of largely monospecific graptolite 
assemblages in the riccartonensis graptolite Biozone on the mid-shelf of the Welsh Basin 
at Buttington Brick Pit. Loydell (2007, p 539) stated that ‘although quantitative studies 
have not been carried out, field observations at this location show that higher and lower in 
the Sheinwoodian, graptolite abundance is much less. This of course is only a local, 
qualitative observation.’ 
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Cramer and Saltzman (2005, 2007) proposed an enhanced modification of H-period/A-
period model of Bickert et al. (1997, discussed below) that involved linking enhanced 
organic carbon burial with a change in the site of deep water formation to low latitudes to 
explain the development of the early Sheinwoodian positive δ13Ccarb excursion. Cramer and 
Saltzman (2005, 2007) suggested that early Sheinwoodian positive δ13Ccarb excursion 
occurred within both a sea-level highstand phase and an arid tropical climate in low 
latitudes, with low marine productivity but increased organic carbon preservation in the 
deep ocean (associated with spreading anoxia caused by reduced thermohaline circulation, 
succeeding a glacial episode in the latest Llandovery). Loydell (1998, 2007), however, 
found considerable evidence for falling/low sea-level over the interval of the early 
Sheinwoodian excursion, from the facies changes in sediments deposited 
contemporaneously in differing regions. For example, the sequence of facies in the 
lithological succession on Gotland deposited over this interval, from which detailed isotope 
and conodont biostratigraphical data are available, are part of a regressive sequence (see 
Calner et al. 2004). Melchin and Holmden (2006a, p. 178) observed that the model 
proposed by Cramer and Saltzman (2005) was not applicable to either the Hirnantian Event 
or the Aeronian positive excursions, which coincide with glaciation and sea-level 
lowstands or trends in the burial of organic matter in deep ocean successions (for 
discussion and criticism of these models see Melchin and Holmden 2006a, and Loydell 
2007).  
 
7.10.2. THE INCREASED CARBONATE WEATHERING HYPOTHESIS. 
 
A model proposed originally by Kump et al. (1999), and subsequently modified and 
favoured by Melchin and Holmden (2006a,b), predicted that a glacio-eustatic sea-level fall 
would expose carbonates in low, tropical latitudes. The resultant subaerial weathering of 
carbonates would increase in rate and the contribution of weathered carbonate into the 
marine realm, and provide a mechanism for the positive excursion as the 
13
C content of 
weathered marine carbonates is higher than that of other inputs to the ocean (Trumbore and 
Druffel 1995).  
The length of the entire early Sheinwoodian positive carbon excursion (approximately one 
million years, Cramer et al. 2010) in comparison with the oceanic mixing times (a few 
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thousand years, even for poorly ventilated Palaeozoic oceans; Kiehl and Shields 2005) 
would have allowed for the global signal of the carbon isotope excursion to be broadly-
synchronous (Cramer et al. 2010). Local carbon cycling in epeiric seas is proposed to 
explain the basinward decrease in magnitude observed for carbon isotope excursions 
(Melchin and Holmden 2006b), as decreasing proximity to the erosional sources of 
carbonate sediment in deeper parts of the basin leads to reduced introduction of 
13
C (e.g. 
the East Baltic Basin for the early Sheinwoodian excursion, Kaljo et al. 1998, p. 305). 
The model predicts an ‘inherited state’ in the sense that substantial carbonate development 
must have occurred subsequent to sea-level fall. The palaeogeographical configuration of 
some palaeocontinents (e.g. Laurentia, Baltica, and Avalonia) at low, subtropical latitudes 
in the Silurian produced favourable conditions for carbonate formation on such 
landmasses.  
Calner et al. (2004, p. 125) stated that ‘in general, times of high [carbon] isotope values 
coincide with times of strongly enhanced reef and carbonate platform growth’ citing the 
Upper Visby to Hangvar formations on Gotland as an example. Cramer and Munnecke 
(2008) considered this counter-intuitive to the carbonate weathering hypothesis (modified 
by Melchin and Holmden 2006a,b). However, Loydell (2008b) commented that the most 
extensive reef developments in the Wenlock of Estonia are not associated with positive 
carbonate excursions. Consequently the relationship between carbon isotope values and 
reef development is unclear. It is considered herein that further geochemical and 
stratigraphical investigations (sensu Cramer et al. 2010) into coeval carbonate and clastic 
systems in the lower Palaeozoic are needed in order to better understand the relationship 
between carbon isotope values and reef /carbonate platform development.  
 
7.10.3. CHANGES IN ARIDITY/HUMIDITY AND OCEANIC CIRCULATION. 
 
Jeppsson (1990) proposed a model for global oceanic cycles that relied upon oscillating 
climate states (P[rimo] and S[ecundo] episodes) driven by changes in the intensity of deep 
water formation at high latitudes to explain changes in δ13Ccarb values in shelfal marine 
successions, and biotic and lithological changes (fig. 7.7). ‘P’ states predicted glaciation at 
high latitudes, and humid conditions and increased weathering at low latitudes, detrimental 
to reef development and resulting in black shale development on the shelf. Coincidently, it 
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predicted that deep-water development at cold, high latitudes produced vigorous 
thermohaline circulation, which supplied cold, oxic bottom waters to lower latitudes in 
turbulent upwelling zones on the slope/outer shelf. The proposed combination of increased 
nutrient input from terrestrial sources and upwelling oxic currents would be favourable to 
planktonic productivity with high diversity expected in areas of upwelling. ‘S’ states 
predicted warm high latitudes and arid low latitudes. A low rate of weathering is proposed 
for low latitudes with low terrestrial input and clear waters (i.e. non turbulent), the latter 
from decreased circulation associated with a salinity stratified ocean, favouring reef 
development on the shelf but detrimental to planktonic production. The P/S model has 
been demonstrated as inconsistent with the observed Silurian carbon isotope record (Kaljo 
et al. 2003). 
Bickert et al. (1997) presented a modified version of the P/S model that proposed ‘H-
periods’ and ‘A-periods’ (fig. 7.7). Bickert et al. (1997) considered carbon isotope 
excursions to be caused by changes in circulation in epicontinental seas. A significant 
difference in this model (in comparison with the P/S model) was that it predicted aridity in 
low latitudes during glaciation as opposed to humid conditions during times of reef 
development. Their interpretation disregarded relative changes in sea-level as a controlling 
factor in carbonate formation on Gotland (where their study was focused), in favour of 
changes in terrigenous input rates caused by altering rates of weathering linked with 
aridity. Changing oxygen isotope ratios over the same interval were interpreted as 
reflecting changes in palaeosalinity caused by varying freshwater input, rather than to 
palaeotemperature. Loydell et al. (2007) commented that the model of Bickert et al. (1997) 
did not consider widespread evidence for substantial changes in sea-level during the 
Silurian  glacial deposits in South America, for example, are considered to have been 
deposited coincident with many Silurian positive carbon isotope excursions, or for burial 
of organic carbon coincident with the excursions. For further discussions critiquing these 
models, see Kaljo et al. (2003) and Melchin and Holmden (2006a). 
Further development of the climate-state model was proposed by Munnecke et al. (2003), 
who applied the H-period/A-period model to assess the changes, and their temporal 
relationship, to biota, the lithological successions, and the δ13Ccarb curve for Gotland 
(fig.7.8). They interpreted an upper Telychian H-period (low C/O isotope values) and 
lower Sheinwoodian A-period (high C/O isotope values) from the succession deposited 
over the Ireviken Event. The decreasing magnitude of the excursion basinward was 
suggested to be the result of strong fractionation of carbon isotopes in the water column, 
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with the isotopic signature of deeper water deriving from decay of the calcareous skeletons 
of benthic organisms (as opposed to a surface-water signature from the less abundant 
calcareous microplankton assemblages of the lower Palaeozoic). Increased mixing of 
12
C 
enriched bottom waters with water depth both in ‘A-’ and in ‘H-’ periods was considered 
consistent with lower δ13Ccarb values and weaker amplitudes of carbon isotope excursions 
in more distal marine environments (Munnecke et al. 2003). 
In a palynological investigation through the Ludlow positive carbon isotope excursion on 
Gotland, Stricanne et al. (2004, 2006) reported variations in the abundance and diversity of 
palynomorphs, and suggested that trends in their data were in good accordance with the H-
period/A-period climatic model. This was largely based upon the assumption that the 
diminishing diversity and abundance of marine microphytoplankton during the positive 
carbon excursion was the result of oligotrophic conditions cause by decreasing terrestrial 
input (i.e. nutrient input) during low rates of terrestrial weathering in an arid interval 
associated with high carbon isotope values (A-period). Stricanne et al. (2006) proposed 
that the high abundance of spores during the excursion was the result of increased 
terrestrial palynomorph input into the marine realm, through aeolian transport. Loydell 
(2007) questioned why rock dust particles would not be brought into the marine realm with 
increased aeolian input, considering less extensive vegetation cover of land in the Silurian, 
to provide nutrients for the microphytoplankton. Loydell (2007, p. 542) provided an 
alternative interpretation of the data of Stricanne et al. (2006), observing that the strata 
deposited during the excursion on Gotland were deposited in a shallower 
palaeoenvironment than the strata preceding or succeeding the excursion, and suggested 
that increased spore abundance is the result of sea-level variation driving changes to the 
proximity of the terrestrial realm.  
Melchin and Holmden (2006b, p. 196) commented that the H-period/A-period model 
predicts that carbon isotope composition in the deep-water of basins and open-surface 
water would remain ‘relatively unchanged’ during shifting climate states. Consequently, 
they suggest that the model is not consistent with observed positive carbon isotope 
excursions in organic matter that occur in sediments deposited beyond the shelf edge, such 
as those observed from the late Ordovician of Dobb’s Linn (Melchin and Holmden 2006b 
and references therein).  
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7.10.4. OTHER MODELS PROPOSED TO EXPLAIN POSITIVE CARBON ISOTOPE 
EXCURSIONS. 
 
Additional models have proposed changes in gas exchange rates between the ocean and the 
atmosphere, temperature and pCO2 as a driving mechanism for the excursion (Bickert et al. 
1997, p. 2727), and changes in primary production have also been proposed as possible 
mechanisms for large positive excursions (Wang et al. 1997, Porębska et al. 2004), and 
were discussed by Loydell (2007). 
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Fig. 7.7, Comparison of palaeoceanographic-palaeoclimatic models proposed by Jeppsson (1990; P/S model) and of Bickert et al. (1997; A/H periods). Redrawn from 
Munnecke et al. (2003). ‘H-periods’ were proposed to consist of intense continental run-off in humid, low latitudes and predicted the deposition of marl-dominated 
deposits in the marine environment with an associated influx of freshwater leading to estuarine circulation (comparable with the modern-day Black Sea). Estuarine 
circulation allowed anoxic deep-ocean waters to invade proximally onto the deeper parts of the shelf and predicted the development of black shale deposition on the outer 
shelf (Bickert et al. 1997). ‘A-periods’ proposed arid, tropical conditions with low rates of weathering from the terrestrial environment and reef development. High rates of 
evaporation at low latitudes led to anti-estuarine circulation with the down-welling of warm, saline, well-oxygenated surface water that was balanced by the lateral 
advection of 
13
C-enriched open marine surface waters. This circulation suppressed the anoxic layer predicting black shale deposition further down the outer self/slope than 
for H-periods (Bickert et al. 1997). A description of Jeppsson’s (1990) P/S model is within the main text (section ‘7.10.3.’).  
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Fig. 7.8, Characteristics of the Ireviken Event on Gotland. Adapted from Calner (2008, fig. 6; modified from Munnecke et al. 2003 therein and references therein). The 
‘grey area’ highlights the stratigraphical range of the Ireviken Event. The stratigraphical position of the datum levels is provided with diversity changes in conodonts 
(grey = globally, black = Gotland) with conodont data from Jeppsson (1997a). Graptolite biozones are based on Loydell et al. (1998, 2003; graptolite biostratigraphical 
control is not available directly from Gotland). Turnover occurred within the acritarch community throughout the Ireviken Event although the majority (>80%) of 
extinctions/originations took place in the uppermost approximately four metres of the Upper Visby Formation (Gelsthorpe 2004). Thick dashed vertical line indicates 
proposed glaciation by Brand et al. (2006). Oxygen isotope data provided by Lenhert et al. (2010). Chitinozoan biozonation scheme for the Baltic region provided by 
Nestor (1994, 2012) and correlated to the datums points presented herein (based on chitinozoan data and discussion in Nestor et al. 2002; note that the base of Interzone IV 
is identified therein, however, subsequent biozones are not observed. Additionally the margaritana chitinozoan Biozone therein is inferred by those authors).
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7.11. FACTORS TO CONSIDER WITH SPECIFIC REGARD TO THE EARLY 
SHEINWOODIAN ISOTOPE EXCURSION. 
 
7.11.1. THE ORDER OF BIOTIC EVENTS. 
 
Models considered applicable to the Ireviken Event need to account for the stepwise 
extinction events within and between groups (e.g. for conodonts, and for biota with a 
benthic or planktonic/nektonic mode of life, respectively). The early conodont extinction 
associated with the Ireviken Event began during a period of high relative sea-level, and 
before the onset of both the positive carbon isotope excursion and the graptolite extinction 
event (see reviews in Calner 2008, Loydell 2007). This suggests that the global diversity 
patterns of the conodonts were controlled by different mechanisms than those of 
graptolites. 
 
7.11.2. EVIDENCE FOR SEA-LEVEL FLUCTUATIONS. 
 
There has been some debate as to whether sea-level remained high during the onset and 
duration of the early Sheinwoodian carbon isotope excursion (e.g. Cramer and Saltzman 
2005), or fluctuated, principally with the onset of the excursion occurring coincident with 
falling/low sea-level (e.g. Loydell 1998; Kaljo et al. 1997, 2003; Johnson 2006). It is 
generally accepted from widespread lithological evidence that sea-level was falling/low 
during, at least the onset, of this excursion (Loydell 1998).  
The sea-level curve of Johnson (2006) implied that the early Sheinwoodian positive carbon 
isotope excursion occurred entirely within a regression (i.e. onset occurred during global 
sea-level fall and termination occurred before the maximum lowstand was reached). 
However, a more consistent model to account for facies changes and palaeoenvironmental 
changes (the latter determined by palaeontological proxies) observed on Gotland (e.g. 
Calner et al. 2004, p. 119) and for the Welsh Basin and Borderlands (e.g. Bassett 1974; 
Ray and Butcher 2010 as discussed in subsequent sections) at this time is the sea-level 
curve of Loydell (1998). This sea-level curve implied high and falling sea-level in the 
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upper murchisoni graptolite Biozone, falling/and low sea-levels through the firmus 
graptolite Biozone with a transient fall and rise in sea-level in the lowermost riccartonensis 
graptolite Biozone that was succeeded by another transient fall and rise in sea-level rise 
before a more prolonged interval of falling sea-level continued into the mid-Wenlock. An 
additional sea-level curve proposed from a sequence stratigraphical framework study of the 
lower Wenlock of Welsh Borderland was provided by Ray and Butcher (2010), and is 
discussed below.  
 
7.11.3. EVIDENCE FOR GLACIATION IN THE EARLY SHEINWOODIAN. 
 
Models with mechanisms involving glacio-eustatic regression to drive positive carbon 
isotope excursions (e.g. carbonate weathering hypothesis, some carbon burial hypotheses) 
rely on contemporaneous glaciation at high latitudes in order to produce the magnitude of 
sea-level fall required to lower sea-level sufficiently to affect the global record of the 
positive carbon isotope excursion.  
Díaz-Martínez (2007) described what some authors (e.g. Loydell 2008, Lenhert et al. 
2010) considered to be a ‘cool-water’ limestone (Sacta Limestone Member, Kirusillas 
Shale Formation, Bolivia), understood to have been deposited at high palaeolatitudes 
(western peri-Gondwana) in the early Sheinwoodian. The relative age of the formation of 
this limestone was determined from an unillustrated specimen of the conodont Ozarkodina 
sagitta rhenana indicating the rhenana conodont Biozone or lower walliseri conodont 
Biozone (Díaz-Martínez 2007). Díaz-Martínez (2007) proposed that this member was an 
olistostrome that had been deposited further downslope to explain the association with 
underlying and overlying diamictites.  
Loydell (2007) reinterpreted the proposed depositional model of Díaz-Martínez (2007) 
with the recognition of a regular bedded sequence with the dip of the Sacta Limestone 
Member parallel to that of underlying formations in a field photograph of the Quebrada 
Sikhiri section (Díaz-Martínez 2007, fig. 7). If the member is correctly dated and one 
accepts Loydell’s (2007, p. 543) proposition that these diamictites reflect rapid 
sedimentation during sea-level falls associated with glaciation, then this limestone 
represents evidence of an early Sheinwoodian glaciation.  
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Lenhert et al. (2010, p. 329) agreed with the depositional model of Díaz-Martínez (2007), 
and stated that ‘the diamictites in the Kurasilas Formation clearly postdate the deposition 
of the Sacta Member and thus may be correlated to the late O. s. rhenana Superzone, the 
K. walliseri Superzone or may even be of a younger age. They provide evidence for a 
Sheinwoodian glaciation rather than a late Telychian glacial as proposed by Cramer and 
Saltzman (2005)’.  
Mӓnnik et al. (2011) reported a ‘cool-water’ limestone from the base of the Tamaghrout 
Formation (north east Anti-Atlas, Morocco) formed at high-latitudes within the murchisoni 
or firmus graptolite biozones (conodont and graptolite dating were available from the 
section). 
A shift in oxygen isotope values suggesting a 4 
o
C change in temperatures, considered to 
be associated with an early Sheinwoodian glaciation, is suggested from an investigation of 
oxygen isotopes over the Ireviken Event in the Baltic (Lehnert et al. 2010) (fig. 7.8). This 
shift in isotopic values is correlated with the lower part of the riccartonensis graptolite 
Biozone (lower Kockelella ranuliformis conodont Biozone continuing into the upper K. 
walliseri Superzone) and post-dating several of the most severe extinctions affecting 
different faunal groups in the lower part of the Ireviken Event. The occurrence of this 
marked shift in oxygen isotope values within the Upper Visby Formation is particularly 
interesting as the upper part of this formation is from where Gelsthorpe (2004) reported the 
highest rates of faunal turnover in the acritarch community. However, the prominent shift 
in oxygen isotope values, interpreted by Lenhert et al. (2010) as representing cooling 
associated with an early Sheinwoodian glaciation, occurs subsequent to the lithological 
evidence for a regression on Gotland (i.e. the transition from the Lower to Upper Visby 
formations; see Calner et al. 2004). The reliability of palaeoenvironmental interpretations 
based on oxygen isotope data should be considered in light of the discussion in Munnecke 
et al. (2010, p. 393) who outline the ‘controversies’ associated with the use of oxygen 
isotope data to infer changes in palaeoenvironmental temperatures or salinity (for 
discussion specific to Silurian δ18O development, with reference to Lenhert et al. 2010, see 
Munnecke et al. 2010, p. 403404).  
Lehnert et al. (2010, p. 328–329) provided a discussion of the sedimentary evidence for a 
Sheinwoodian glaciation. Additional evidence from the Bohemian section discussed 
therein is provided by Frýda et al. (2015).  
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7.12. COMMENTS ON TRENDS IN RELATIVE AND ABSOLUTE ABUNDANCE 
IN THE PALYNOMORPH ASSEMBLAGE. 
 
From the section herein, trends of relative and absolute abundance in some palynomorph 
groups are not consistent with regard to trends in the carbon isotope curve at some levels, 
which might be the result of poor preservation creating bias against some morphotypes or 
groups. Alternatively, apparently random fluctuations in relative or absolute abundance 
may represent primary trends in the data. Rapid fluctuations in relative abundance for 
many of the groups, genera, and morphotypes at the base of the section, occurring in the 
murchisoni graptolite Biozone, may be due to preservational bias, or an indication of the 
onset of the positive excursion. Stricanne et al. (2006) observed rapid fluctuations in the 
absolute abundance values for all microplankton groups and relative abundance of 
acritarchs, sphaeromorphs, prasinophytes, and chitinozoans in the late Ludlow positive 
carbon isotope excursion on Gotland. Direct comparison between the timing and nature of 
the changes occurring within the palynological assemblage during the onset of the early 
Sheinwoodian and the late Ludlow positive carbon isotope excursions is cautioned, 
however, as the latter excursion was of a considerably greater magnitude. Additionally, the 
carbon isotope data presented by Stricanne et al. (2006, Samtleben et al. 2000) shows a 
clear and rapid onset of the positive carbon isotope excursion whereas the carbon isotope 
data from Buttington Brick Pit shows a more gradual rise in carbon isotope values during 
the positive carbon isotope excursion.  
Some of the peaks in the absolute abundance for all palynomorph groups coincide with 
levels where an abundant shelly benthic fauna was recognised and/or that show evidence 
of pyrite. The appearance of a benthic fauna is indicative of increasing oxygenated 
conditions over the sediment-water interface implying that increased oxygenation of 
bottom waters may not be the cause of poor preservation at these levels. For example, 
absolute abundance peaks in all marine and terrestrial palynomorphs in the lower part of 
the riccartonensis graptolite Biozone may occur coincident with abundant shelly fauna 
(e.g. the transient increase in the absolute abundance of sphaeromorphs, chitinozoans, and 
prasinophytes at +4.00–+4.05 m).  
Trends relating to changes in the composition and relative abundance of morphotypes, 
groups, and/or genera within the palynological assemblage may be recognised with regard 
to trends within the δ13Ccarb isotope curve in two significant ways. Firstly, associated with 
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rapid shifts in carbon isotope values or, secondly, over prolonged trends recognised in 
carbon isotope values (e.g. an interval of relatively low carbon isotope values, appendix 
27). Trends in the relative or absolute abundance of some groups and morphotypes may 
not be consistent with regard to trends in the carbon isotope curve throughout the section. 
For example, certain genera may show an increased relative abundance coincident with 
rapidly increasing carbon isotope values within the section at one level, and at a different 
level with a similar positive carbon isotope shift of the same magnitude no changes in 
relative abundance for the same genera are observed (see previous discussion). 
Additionally the magnitude or rapidity of shifts in carbon isotope values is not linearly 
linked to the size of an abundance peak within palynomorph morphotypes/groups. 
Consequently palaeoenvironmental interpretation can only be made where multiple 
palynomorph proxies provide agreeing trends in data. 
 
7.12.1. CHANGES WITHIN THE PALYNOMORPH ASSEMBLAGE WITH REGARD 
TO RAPID FLUCTUATIONS IN THE δ13CCARB CURVE. 
 
Stricanne et al. (2006, p. 20, figs 8–12 therein) commented that a ‘pronounced turnover in 
the composition of acritarch assemblages can be [...] strongest during the initial rise of 
carbon isotope values’. The onset of the positive carbon isotope curve represented at 
Buttington Brick Pit is less pronounced and of lower magnitude than that recognised by 
Stricanne et al. (2006) for the later Ludlow positive carbon isotope excursion. Rapid 
fluctuations in the relative abundances of marine and terrestrial (fig. 7.2) and non-
polygonomorph, process-bearing acritarchs groups (fig. 7.3) occur in the lower part of the 
section in already rising carbon isotope values. The relative abundance data regarding 
genera and process complexity is more difficult to interpret due to poor preservation within 
the section.  
From +4.95–+5.00 m, over an interval of rapid and pronounced fluctuations in the carbon 
isotope curve, until approximately +5.75–+5.80 m, trends in the relative abundance of non-
polygonomorph, process-bearing acritarch subgroups are inverse to trends in the carbon 
isotope curve (fig. 7.3). The relative abundance of the polygonomorph subgroup 
(predominantly represented by Barbestiastra) displays peaks that are coincident with rising 
carbon isotope values slightly before the peak in the ‘acritarch’ subgroup (the latter peak is 
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largely due to a peak in the relative abundance of Baltisphaeridium at this level, coincident 
with a negative peak in the carbon isotope curve at +5.75–+5.80 m) (fig. 7.3, fig. 7.6). A 
peak in the relative abundance of the acanthomorph subgroup (observed when comparing 
the acanthomorph relative abundance with the combined ‘acritarch’ and acanthomorph 
relative abundance, fig. 7.3) occurs coincident with a negative peak in the carbon isotope 
curve at +5.15–+5.20 m. A succession of peaks in the relative abundance in the process-
bearing acritarchs was observed also by Stricanne et al. (2006), albeit in a different order 
with regard to specific groupings. The maximum peak in the relative abundance of the 
polygonomorphs appears before that of acanthomorphs during the onset of the Ludlow 
positive excursion (Stricanne et al. 2006, p. 14). The relative abundance, however, 
increases and fluctuates at the same levels in both groups within the positive carbon 
isotope excursion. Relative abundance peaks in the acanthomorph and ‘acritarch’ 
subgroups herein occur inversely to rapid fluctuations in the carbon isotope curve, 
suggesting optimal palaeoenvironmental conditions coincident at these levels. 
Polygonomorphs, however, show their peak in abundance during periods of increasing 
carbon isotope values, perhaps suggesting differing optimal palaeoenvironmental 
conditions.  
Increases in the relative abundance of some palynomorph morphotypes/groups coincident 
with a, usually rapid, pronounced shift in carbon isotope values may peak and return to 
previous relative abundance before the peak in shifting carbon isotope values. This implies 
that optimal conditions for that group/morphotype occur with the onset of and/or within 
trends of rising carbon isotope values. A similar observation was made by Stricanne et al. 
(2006, p. 15, fig. 10) who reported increased absolute abundances of selected genera, with 
relative abundance revealing a succession of transient increases coincident with the onset 
of the positive carbon isotope excursion (specifically, sequential temporary increased 
relative abundances for Multiplicisphaeridium, Oppilatala, Percultisphaera, Histopalla, 
Leiofusa, and Eupoikilofusa).  
Due to the rarity of three-spined veryhachiid morphotypes, and the absence of four-spined 
forms observed from the section herein, it has not been possible to investigate changes to 
ratios of process number for these morphotypes at Buttington Brick Pit (see absolute and 
relative abundance data of both Veryhachium and Dorsennidium, appendix 23). The 
suitability of these ratios as palaeoenvironmentally diagnostic indicators (with regard to 
proximity from shore) is debatable, with some studies finding no relationship between 
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these ratios with regard to proximity to shore (e.g. Mullins et al. 2004), and therefore sea-
level change.  
Changes in the process number and process complexity of micrhystrids (sensu Stricanne et 
al. 2006) have not been investigated at Buttington Brick Pit as micrhystrids occur 
inconsistently and in low absolute and relative abundance throughout the section (see 
absolute and relative abundance of Micrhystridium, fig. 7.6, appendix 23, 24). Specimens 
assigned to Micrhystridium, however, are predominantly simple, short process-bearing 
forms (with process length less than the length of the vesicle radius) throughout the section 
at Buttington Brick Pit. This is probably caused by a preservational bias acting against the 
preservation of morphotypes with longer and/or more complex process and as such may 
not be a primary palaeoenvironmental signal.  
It was suggested by Loydell (2007) that an increase or ‘spike’ in the relative abundance of 
netromorph acritarchs coincident with increasing carbon isotope values associated with the 
onset of, or high carbon isotope values within, a positive carbon isotope excursion (e.g. as 
noted for Leiofusa and Eupoikilofusa in Stricanne et al. 2006, and Porębska et al. 2004) 
may indicate that netromorphs were ‘opportunistic’ and flourishing where higher 
environmental stress was inimical to other microphytoplankton. Confidently identified 
netromorphs were not observed in the section at Buttington Brick Pit, with only three 
questionable specimens observed from the sample at +2.00–+2.05 m, coincident with 
relatively low carbon isotope values not associated with prolonged trends or rapid 
fluctuations in carbon isotope values. Loydell (2007, p. 524) commented that ‘Gelsthorpe 
(2004), although not providing detailed abundance data, makes no mention of any dramatic 
change in netromorph relative abundance and records high diversity through the early part 
of the mid-Sheinwoodian excursion in the Upper Visby Formation of Gotland. Perhaps this 
is because of the more gradual nature and lesser magnitude of the sea-level fall at this time 
as compared with those associated with the mid-Homerian and late Ludfordian positive 
δ13C excursions.’ The absence of netromorphs observed from the section means that this 
observation cannot be commented upon with regard to data from Buttington Brick Pit.  
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7.13. THE INTERVAL OF RELATIVELY LOW CARBON ISOTOPE VALUES 
SUPERIMPOSED ON THE EARLY SHEINWOODIAN CARBON ISOTOPE 
EXCURSION AND ITS PALAEOENVIRONMENTAL SIGNIFICANCE. 
 
7.13.1. THE INTERVAL OF RELATIVELY LOW CARBON ISOTOPE VALUES AND 
PALYNOLOGICAL EVIDENCE FOR ASSOCIATED SEA-LEVEL RISE. 
 
From approximately +5.65 m to +8.25 m in the section at Buttington Brick Pit, a protracted 
interval of relatively low carbon isotope values occurs with the lowest isotopic values 
occurring from +7.05 m and above (appendix 27). Changes in the abundance and 
composition of the microphytoplankton assemblage with regard to the onset and/or 
duration of this interval of relatively lower carbon isotope values include: 
1. During the initially declining carbon isotope values at the start of this interval, the 
non-polygonomorph, process-bearing acritarchs show a pronounced peak in relative 
abundance (particularly within the ‘acritarch’ subgroup). The relative abundance, 
including the ‘background’ relative abundance, of non-polygonomorph, process-
bearing acritarchs (i.e. combined acanthomorph and ‘acritarch’ subgroups) is slightly 
raised throughout this interval in comparison with lower parts of the section (although 
sphaeromorphs remain the most prevalent component of the palynomorph assemblage) 
(fig. 7.3). 
2. Non-polygonomorph, ‘long’ process-bearing acritarchs (chiefly ‘long, complex’ 
forms) occur with slightly elevated relative abundance over the interval (determined 
where ‘long, simple’ and ‘long, complex’ process data are combined, and where ‘long’ 
is defined by process length exceeding the radius of the vesicle) (fig. 7.5).  
3. The relative abundance of non-polygonomorph, processes-bearing acritarchs with 
short and simple processes shows a slight decreases with the upper part of the interval 
(+7.35–+7.40 m to +7.55–+8.00 m) (fig. 7.3). 
4. The relative abundances of the acritarch genera Diexallophasis and Helosphaeridium 
increase, and/or occur more constantly throughout the interval. Schismatosphaeridium 
increases in relative abundance in the upper part of the interval. Salopidium, primarily 
represented by short processes-bearing forms herein (where process length in less than 
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the length of the vesicle radius), decreases in relative abundance over this interval (fig. 
7.6).  
5. Unfortunately, poor preservation of the non-polygonomorph, ‘long, complex’ process-
bearing acritarchs (e.g. Multiplicisphaeridium, Oppilatala) at Buttington Brick Pit 
probably results in these morphotypes genera being under represented at the section 
herein (i.e. specimens cannot be recognised when processes are broken). As such, 
these morphotypes and their associated genera occur sporadically and in generally in 
low absolute and relative abundance throughout the section. However, 
Multiplicisphaeridium does occur slightly more consistently and in slightly raised 
relative abundance in the section during the onset of, and coincident with, the interval 
of low carbon isotope values. No obvious trends in relative abundance are observed 
for Ammonidium which is the most consistently occurring complex processes-bearing 
acritarch within the section herein (fig. 7.6). 
Additionally, lithological indicators of lower sea-level (e.g. sandy laminae), observed in 
the lower parts of the riccartonensis graptolite Biozone at Buttington Brick Pit, do not 
occur within the interval coinciding with low carbon isotope values. 
Although some of the palaeoenvironmental signals from the palynomorph proxies outlined 
above are very subtle (e.g. minor increases in non-polygonomorph, complex process-
bearing acritarchs) the overall changes within the palynomorph assemblage over this 
interval imply that the sea-level change is a controlling factor in the composition of the 
assemblage. The changes outlined above are consistent with decreasing proximity to shore 
associated with rising/increased relative sea-level. Diexallophasis is rare in proximal 
environments and more abundant in distal parts of the shelf in both the Wenlock of the 
Welsh Basin and Borderlands (Dorning and Bell 1987), and the Ludlow of Gotland 
(Stricanne et al. 2004). Stricanne et al. (2004) reported Schismatosphaeridium rugulosum 
as more abundant in more distal palaeoenvironments, and absent from more proximal, 
marginal marine palaeoenvironments from a Ludlow onshore-offshore transect on Gotland.  
The poor preservation of acritarchs with long, ramified processes (e.g. 
Multiplicisphaeridium, Oppilatala) probably produces an artificially reduced 
palaeoenvironmental signal for these morphotypes, and may be the reason why transient 
rises in genera conforming to these morphotypes do not exhibit peaks in relative 
abundance coinciding with rapid, positive carbon isotope trends as observed by Stricanne 
et al. (2006). Alternatively, this may be due to the lower magnitude and more gradual 
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nature of the early Sheinwoodian positive carbon isotope excursion, in comparison with 
the Ludlow positive carbon isotope excursion (Samtleben et al. 2000, Loydell et al. 2014). 
Interestingly, the absolute abundance in all marine palynomorph groups decreases to very 
low levels coincident with, or slightly preceding, declining or consistently low carbon 
isotope values recognised from +5.65–+5.80 m, and remains low throughout the 
succeeding prominent shift to higher carbon isotope values above +8.18–+8.25 m. The 
broadly synchronous decrease in the absolute abundance across all of the groups discussed 
herein (microphytoplankton, chitinozoans, scolecodonts, and spores) may represent a 
change to unfavourable palaeoenvironmental conditions for all groups (which would 
presumably affect diversity within groups) or be the result of poor preservation.  
A decrease in chitinozoan diversity is recognised from +8.00–+8.05 m in the chitinozoan 
dataset produced from picked samples studied by SEM (see Margalef Diversity Index in 
fig. 3.1 , and chapters 5 to 6) occurs stratigraphically higher than the decrease in absolute 
abundance recorded from glass microscope slides logged herein (where chitinozoan 
absolute abundance decreases from +6.05–+6.10 m). Although the decrease in both 
absolute abundance and diversity are not synchronous (and this is probably at least 
partially a product of the different datasets used) they both occur within the riccartonensis 
graptolite Biozone. The riccartonensis and firmus graptolite biozones correlate with a time 
of low diversity chitinozoan assemblages in the Baltic region (Interzone IV of Nestor 
1994), however, these levels with decreased/decreasing diversity do not appear to be 
associated with decreased absolute abundance of chitinozoans (determined from the 
prevalence of ‘black circles’ that represent ‘abundant occurrence of species’ on 
stratigraphical occurrence charts in figs 2-5 of Nestor 2005). Verniers (1999) reported a 
decrease in both the diversity and frequency of chitinozoans from levels within the 
riccartonensis graptolite Biozone in the Builth Wells district. This agrees well with the 
diversity and absolute abundance data for chitinozoans at Buttington Brick Pit presented 
herein. 
Unfortunately, poor preservation of the process-bearing acritarchs within the 
microphytoplankton assemblage herein means that the generic and species diversity of the 
acritarchs represented from the section are not a true indication of diversity fluctuations (if 
present) caused by palaeoenvironmental change over the section. This makes it difficult to 
assess the driving mechanism of the decrease in absolute abundance over these levels. The 
decrease in absolute abundance of the palynomorph groups is not exactly synchronous 
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between groups, perhaps suggesting that poor preservation is only partially the cause of 
decreasing absolute abundance in the upper part of the section.  
The timing of the graptolite extinction recognised for the early Sheinwoodian with regard 
to decreasing acritarch abundance cannot be determined at Buttington Brick Pit as 
graptolites have low diversity throughout the section, from the upper murchisoni graptolite 
Biozone (Loydell et al. 2014). Additionally, an acritarch turnover/extinction cannot be 
observed at Buttington Brick Pit, and the acritarch assemblage is composed of low-
diversity, long-ranging acritarchs.  
The coincidence of a protracted period of relatively lower δ13Ccarb values with an interval 
of palynological evidence indicating a sea-level rise implies that the mechanism for carbon 
isotope change at these levels is related to sea-level change. This observation appears to 
favour the carbonate weathering hypothesis (modified by Melchin and Holmden 2006a,b) 
which proposes that falling sea-level, associated with cooling and glaciation at high 
latitudes, results in the weathering of heavy 
13
C carbonates into the marine realm and 
drives a positive carbon isotope excursion. Rising sea-levels would terminate the influx of 
weathered carbonate leading to sustained, relatively lower carbon isotope values. This 
model may explain the broadly synchronous decrease in absolute abundance observed for 
all marine groups over this interval if the proximity of shoreline was reduced and/or push 
back sufficiently to decrease nutrient input. However, this doesn’t explain how this low 
absolute abundance is sustained in the positive shift in values from above +8.18–+8.25 m 
which would, presumably, represent lowering sea-level and resumption of carbonate 
weathering implied by the model. Unfortunately without accurate microphytoplankton 
diversity data it is not possible to draw significant conclusions as to the mechanisms 
driving sustained absolute abundance decrease. 
During a sea-level rise it might be supposed that the relative abundance of spores would 
decrease as the shoreline would effectively move further away and reduce the proximity to 
terrestrial source areas. There are no clear trends in relative abundance throughout section, 
however, with which to suggest this. Perhaps this may be partly related to the fact that a 
pronounced adaptive radiation of spores did not occur until the late Silurian (see discussion 
in Stricanne et al. 2006). 
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7.13.2. THE MAGNITUDE OF THE TRANSIENT NEGATIVE CARBON ISOTOPE 
EXCURSION IN MORE DISTAL SETTINGS IN THE WELSH BASIN. 
 
A prominent decrease and subsequent increase in carbon isotope values is observed 
superimposed upon the early Sheinwoodian positive carbon isotope excursion in 
riccartonensis graptolite Biozone strata in the Banwy River section (see ‘Grey Band #2’, 
fig. 4, Cramer et al. 2010; fig. 7.9 herein). That the occurrence of this interval of generally 
low carbon isotope negative values within the early Sheinwoodian positive carbon isotope 
excursion is observed from multiple regions (see ‘Grey Band #2’ in Cramer et al. 2010, 
figs 4, 5, 6 and 9) suggests this is a primary isotopic signal and not diagenetic overprinting, 
which is confirmed by associated geochemical evidence in some sections (Cramer et al. 
2010). Additionally, this feature is not considered to be associated with a sequence 
boundary or significant disconformity (Cramer et al. 2010). 
 
 
Fig. 7.9, Comparison of the early Sheinwoodian δ13Ccarb isotope curves from the Banwy River section 
(Cramer et al. 2010) and Buttington Brick Pit (Loydell et al. 2014). Graptolite and chitinozoan 
biostratigraphical data for the Banwy River section is provided by Loydell and Mullins (2001). 
Graptolite stratigraphical control for Buttington Brick Pit is provided by Loydell et al. (2014) with 
  
275 
 
chitinozoan stratigraphical control provided herein. ‘Grey Bands’ from Cramer et al. (2010; Banwy 
River section). Tentative correlation of the features represented by the ‘Grey Bands’ is proposed 
between the localities based on both geochemical data and chitinozoan biostratigraphical control for 
‘Grey Band #1’ (onset of the early Sheinwoodian positive excursion), and geochemical data for ‘Grey 
Band #2’ (an interval of relatively lower carbon isotope values). The lighter ‘Grey Band’ herein 
highlights the lower part of the interval of relatively low carbon isotope values (Loydell et al. 2014; see 
appendices 4 and 27 herein). ‘mur.’ = murchisoni graptolite Biozone, ‘firm.’ = firmus graptolite 
Biozone, ‘ricc.’ = riccartonensis graptolite Biozone, ‘marg.’ = margaritana chitinozoan Biozone, and 
‘boun.’ = bouniensis chitinozoan Biozone.  
 
A lack of biostratigraphically diagnostic chitinozoans and graptolites from appropriate 
levels in proximal areas in the Welsh Basin and the Midland Platform (e.g. Hughes et al. 
2014) makes correlation of the transient decrease in carbon isotope values challenging 
between proximal and more distal settings within the Welsh Basin. This makes it difficult 
to determine if the magnitude of the negative excursion superimposed on the early 
Sheinwoodian positive carbon isotope excursion varies between proximal and distal 
settings. 
If this negative shift to relatively low carbon isotope values in the Banwy River section is 
analogous to the interval of generally low values at Buttington Brick Pit, then the 
magnitude of this shift is higher in the deeper-water outer-shelf/slope setting represented 
by the Banwy River section (approx. -1.7 ‰) than in the more proximal Buttington Brick 
Pit (-1.12 ‰ from +5.45–+5.50 m to +5.75–+5.80 m; -0.56 ‰ from 6.75–+6.80 m to 
+7.05–+7.10 m)  this may be consistent with the carbonate weathering model (modified 
by Melchin and Holmden 2006a,b). The magnitude of the lower δ13Ccarb value interval 
isotope excursions decreases further up-shelf (i.e. between the Banwy River section and 
Buttington Brick Pit), and could result from a more proximal setting providing a closer 
distance to shoreline and an emergent carbonate weathering source (presumably 
considerably reduced in size as a result of transient minor rise in sea-level). The following, 
however, must be considered: 
(1) The comparability of analogous changes in the carbon isotope curve between more 
proximal and more distal marine settings. The succession at Buttington Brick Pit is more 
condensed than the thick, expanded coeval succession represented by the Banwy River 
section. The closely-spaced carbon isotope samples from Buttington Brick Pit produced 
higher-resolution carbon isotope data that potentially makes the carbon isotope curve more 
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comparable with that produced for the Banwy River section, which is produced from more 
widely-spaced samples. However, if the carbon isotope curve from the Banwy River 
section records only the higher magnitude carbon isotope trends as a result of being 
deposited in an outer shelf/slope environment (an effect predicted by the carbonate 
weathering model), it will not express the less pronounced (i.e. lower magnitude) δ13Ccarb 
excursions potentially recorded in the more proximal environment at Buttington Brick Pit. 
For example, the decrease in carbon isotope values recorded in the Banwy River section 
(‘Grey Band #2’ of Cramer et al. 2010) may be more analogous with the broadly 
decreasing carbon isotope values from +4.95–+5.00 m to +5.75–+5.80 m, if the intervening 
data points were excluded, which would produce a larger ‘initial’ decrease in carbon 
isotope values in Buttington of -1.41‰. Despite this, evidence of a lesser magnitude 
excursion is still recorded from Buttington Brick Pit and, considering the high sample 
resolution of the geochemical data, it is difficult to see how sample spacing could 
significantly ‘under represent’ the magnitude of the negative excursion at this locality. 
(2) The shift to negative carbon values may not be not coeval between more proximal and 
more distal marine settings. Neither high resolution chitinozoan or graptolite 
biostratigraphical control is available at the precise levels of the interval of relatively low 
carbon isotope values at either Banwy River section or Buttington Brick Pit, with which to 
provide relative dating or correlate these shifts to lower carbon isotope values - as such, 
they may not be analogous.  
Interestingly, following an interval of increasing carbon isotope values recognised from the 
succession at Brinkmarsh Quarry (Tortworth Inlier, Midland Platform); considered basal 
Wenlock by Siveter (2000), Hughes et al. (2014) recorded a negative δ13Ccarb peak 
occurring in the carbonate sequence represented at Scutterdine Quarry (Tortworth Inlier, 
Midland Platform). A trend of declining carbon isotope values show an overall decrease 
from +4.0 ‰ to +1.5 ‰ within the Woolhope Limestone Formation. The inflection (i.e. 
onset) of the negative carbon isotope excursion is difficult to determine, however, due to 
fluctuations within the overall shift to lower carbon isotope values in the carbon isotope 
curve. This makes it difficult to determine to overall magnitude of the excursion. Hughes et 
al. (2014, p. 5) concluded that this ‘brief negative shift superimposed on the early 
Sheinwoodian carbon isotope excursion is recorded across the boundary between the 
Woolhope Limestone and the overlying Coalbrookdale Formation, representing a 
transgressive sequence during diminishing carbon isotope values. This is probably 
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correlative with a brief negative shift of comparable age in North America [‘Grey Band #2’ 
of Cramer et al. 2010]’.  
Unfortunately, there is no high-resolution biostratigraphical constraint at levels coincident 
with significant trends within the carbon isotope curve in the Brinkmarsh Formation at 
Brinkmarsh Quarry or the Woolhope Limestone Formation at Scutterdine Quarry (Basset 
1974, Swire unpublished PhD thesis, Siveter 2000, Hughes et al. 2014). This precludes 
precise relative dating and correlation between the negative carbon isotope shift 
(superimposed on the positive carbon isotope excursion) recorded from very proximal 
successions and more distal shelfal palaeoenvironments within the Welsh Basin and other 
regions. 
The decrease of the magnitude of the excursion between more proximal and distal facies 
(assuming the negative feature in the carbon isotope curve is coincident) in the deeper parts 
of the Welsh Basin may be supportive of the modified carbonate weathering hypothesis 
model as proposed by Melchin and Holmden ( 2006a,b). However, the recognition of a 
protracted interval of low carbon isotope values from Laurentia, Baltica, and Avalonia 
(Cramer et al. 2010) suggests that local carbon cycling within epeiric basins may not 
account for this feature. Unfortunately, the nature and precise timing of the interval of low 
carbon isotope values between more proximal and distal parts of basins are poorly 
understood, as many of the sections it is recognised from do not have biostratigraphical 
control of sufficient resolution, although the feature is recognised as being 
biostratigraphically consistent and occurring within the riccartonensis graptolite biozone 
(see discussion in Cramer et al. 2010, p. 1713). 
 
7.14. LITHOLOGICAL AND PALAEONTOLOGICAL EVIDENCE FOR SEA-
LEVEL CHANGE WITHIN THE WELSH BASIN AND BORDERLAND.  
 
Although the development of extensive carbonate-dominated systems occurred on 
platforms situated at low palaeolatitudes within the early Wenlock (e.g. Laurentia, Berry 
and Boucot 1970; Gotland, review in Calner et al. 2004), the most extensive development 
of carbonates in the Welsh Basin and Borderlands in the Wenlock does not occur until 
later, in the Homerian (e.g. Much Wenlock Limestone Formation, Bassett 1989). Mixed 
siliciclastic-carbonate successions and the development of limestones of variable purity are 
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recognised as forming/being deposited on the Midland Platform in the early Sheinwoodian 
and these successions generally have very poor stratigraphical control provided by 
graptolite and chitinozoans (discussed below) (Bassett 1974).  
On the south-east margin of the Welsh Basin, increased carbonate formation in the early 
Sheinwoodian is recognised from an increase of carbonate nodules in the upper part of the 
Buildwas Formation, Wenlock Edge (= upper part of which is at least as old as bella 
chitinozoan Biozone; Swire 1993, see discussion below) (Bassett 1974). In more proximal 
facies on the Midland Platform, the Woolhope Limestone Formation is considered to have 
been, at least predominantly, deposited in the early Sheinwoodian (from at least 
centrifugus graptolite Biozone to murchisoni graptolite Biozone) although the formation 
lacks graptolite biostratigraphical control (Bassett 1974). Stratigraphically above the 
Buildwas Formation and in more proximal facies on the Midland Platform, the 
development of the Barr Limestone (Walsall and Dudley area), is reported to possibly 
correlate with all, or part, of the riccartonensis graptolite Biozone (Bassett 1974). Other 
carbonate developments such as the Dolyhir and Nash Scar Limestone Formation (east 
Radnorshire) and the Brinkmarsh Beds (Tortworth) are discussed in Bassett (1974). 
It is worth considering here that Swire (1993, fig. 2, sample height ‘236.07 m’) reported 
the occurrence of Salopochitina bella Swire in the upper 35 m of the Buildwas Formation 
in the Lower Hill Farm borehole very near the base of the section therein (i.e. the 
stratigraphical range of this taxon could range lower in this formation). This species is 
presented as occurring within sediments as old as the centrifugus graptolite Biozone in the 
Lower Hill Farm borehole, although the graptolite biostratigraphical data for the lower 
Sheinwoodian is very poorly constrained from the borehole (Bassett et al. 1975; discussed 
in detail in the literature review in chapter 4). This suggests one of two different scenarios 
could have occurred. Either the graptolite stratigraphy is inaccurate with, at least, the upper 
part of the Buildwas Formation represented by Swire (1993, fig. 2) deposited almost 
entirely in the firmus graptolite Biozone. Evidence for this scenario is provided by the 
integrated graptolite and chitinozoan biostratigraphical studies from contemporaneous 
sections representing more distal facies in the Welsh Basin (Banwy River section, Mullins 
and Loydell 2001; Buttington Brick Pit, herein). These studies show that the base of the 
bella chitinozoan Biozone (recognised from the first appearance of Salop. bella) correlates 
within the firmus graptolite Biozone. Alternatively, if the graptolite biozones reported from 
the Lower Hill Farm borehole are correctly assigned (Bassett et al. 1975), it implies that 
the appearance of Salop. bella occurs earlier in the more proximal locality (centrifugus 
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graptolite Biozone), then subsequently in more distal sections  it has its first appearance 
in the lower part of the firmus graptolite Biozone at Buttington Brick Pit, and in the upper 
part of this graptolite biozone in the Banwy River section (Swire 1993, Mullins and 
Loydell 2001, data herein).  
The latter scenario is difficult to reconcile with the sea-level curve of Loydell (1998) 
assuming that the occurrence of Salop. bella was facies-controlled with relative sea-level 
presumably a significant controlling factor the geographical, and stratigraphical, range of 
this taxon. The sea-level curve of Loydell (1998) does not show significant sea-level 
change when directly comparing relative sea-level between the centrifugus graptolite 
Biozone and the middle of the firmus graptolite Biozone (highest sea-level is interpreted to 
occur within the murchisoni graptolite Biozone). There is, however, a fall in sea-level 
interpreted by Loydell (1998) that is coincident with the slightly diachronous first 
appearance of Salop. bella between Buttington Brick Pit and the Banwy River section. 
Both the Banwy River section and Buttington Brick Pit section were sufficiently distal 
within the Welsh Basin it is difficult to visualise how changes in sea-level could have 
significantly affected the distribution of this Salop. bella, however, there is evidence to 
suggest that the disappearance of Angochitina longicollis within the early Sheinwoodian 
succession at Buttington Brick Pit may be related to sea-level fall (see discussion regarding 
the distribution of Ango. longicollis below).  
The former scenario is favoured herein due to the paucity of biostratigraphically significant 
graptolite assemblages in the Lower Hill Farm borehole in the early Sheinwoodian. 
However, it is considered herein that future studies in the upper shelf/more proximal facies 
of the Welsh Basin are needed in order to shed more light on the distribution of Salop. 
bella during the early part of its stratigraphical range.  
The above has implications for the stratigraphical work of Ray and Butcher (2010, p. 52) 
who, using the graptolite biostratigraphical data of Bassett et al. (1975), dated a 
transgressive-regressive cycle (sequence S1a therein) where ‘a short phase of regression 
[…] is recognised by an increase in nodular limestone bands and a decrease in the number 
of bentonites’ with falling sea-level in the upper part of sequence S1a as occurring entirely 
within centrifugus graptolite Biozone. However, Ray and Butcher (2010) commented that 
the absence of good graptolite stratigraphical control at these levels means that this 
regressive sequence may in fact be the minor mid-Sheinwoodian sea-level fall of Loydell 
(1998), proposed as occurring from the firmus–riccartonensis graptolite biozones. 
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Chitinozoan biostratigraphical data (Swire 1993, Mullins and Loydell 2001, herein) 
indicated that this regression occurred in strata at most as old as the firmus graptolite 
Biozone, suggesting the latter is most probable. In light of this, the initial phase of 
transgression, corresponding to the thickest nodular limestone interval within the Buildwas 
Formation, in the lower part of the subsequent sequence (S1b) may correlate with the 
transient sea-level ‘rise’ recognised in the lowermost riccartonensis graptolite Biozone 
occurring between two transient sea-level falls in the sea-level curve of Loydell (1998). 
Also, with the rising sea-level (interpreted from the palynological data herein) that occurs 
within the riccartonensis graptolite Biozone and bella chitinozoan Biozone at Buttington 
Brick Pit, coincident with the interval of relatively low carbon isotope values at the same 
locality (herein). 
Hughes et al. (2014, p. 4) considered that the transgression in sequence S1a of Ray and 
Butcher (2010) could be recognised from the deposition of the ‘roughly age-equivalent’ 
Pycnactis Band horizon at Brinkmarsh Quarry, which they interpret as an epibole (on the 
basis of mass occurrences of solitary rugose corals, including Phaulactis, occurring at this 
level in both Baltica and Eastern Avalonia). This occurs at a level where a rapid positive 
inflection in the carbon isotope curve (interpreted as the onset of the excursion by Cramer 
et al. 2010) may be seen in more proximal sections (the carbon isotope values rise more 
gradually through this interval where there is more continuous sedimentation in more distal 
settings on Gotland; Munnecke et al. 2003).  
Unfortunately a lack of good biostratigraphical data for graptolites (Lower Hill Farm 
borehole, Bassett et al. 1975), or both graptolites and chitinozoans (Brinkmarsh Quarry, 
Siveter 2000, Hughes et al. 2014) in more proximal sections makes correlation with deeper 
parts of the Welsh Basin difficult. Consequently, this hinders investigation of the effects of 
sea-level change simultaneously on the shelf and in the deep basin during the positive 
carbon isotope excursion, and the significance of the apparently increasing magnitude of 
the interval of low δ13Ccarb values in the riccartonensis graptolite Biozone in deep-water 
sections. Additionally, this makes it extremely difficult to determine, from investigations 
through the Welsh Basin, whether or not the mechanism for driving the early 
Sheinwoodian positive carbon isotope excursion affected the deep ocean first or more 
proximal settings. 
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7.15. EVIDENCE FOR SEA-LEVEL CHANGE FROM NON-
MICROPHYTOPLANKTON PALYNOMORPH GROUPS FROM THE LOWER 
SHEINWOODIAN STRATA AT BUTTINGTON BRICK PIT. 
 
The identification of changes in sea-level recorded at Buttington Brick Pit raises an 
interesting question with regard to the distribution of the chitinozoan Angochitina 
longicollis Eisenack in the early Sheinwoodian of the Welsh Basin. At Buttington Bick Pit, 
Ango. longicollis disappears abruptly at a level broadly coincident, but not synchronous, 
with the disappearance of this taxon in the Baltic region (see discussion in Nestor 1994 and 
chapters 4 and 6 herein). After its ‘initial’ disappearance, this taxon has not been reported 
at higher levels in the Baltic region, suggesting that this extinction is genuine and Ango. 
longicollis is not a ‘Lazarus taxon’ in that region. A possible diachroneity in the first 
appearance of Ango. longicollis (and the base of the corresponding chitinozoan biozone 
recognised from the appearance of this taxon) was discussed by Mullins and Loydell 
(2001). The disappearance of this taxon on the mid-shelf at Buttington Brick Pit is not 
expressed in the more distal facies represented in the Banwy River section (slope/outer 
shelf), where the taxon persists into a younger chitinozoan biozone (at least the lower bella 
chitinozoan Biozone, no data are available above this level; Mullins and Loydell 2001). 
Combined with the falling sea-level interpreted as occurring over this interval (Loydell 
1998), it could be suggested that the distribution of this taxon is facies-related. 
Consequently, the question must be asked; if the distribution of Ango. longicollis is facies 
related, then why does this taxon not reappear at Buttington Brick Pit during the lower part 
of the riccartonensis graptolite Biozone in the minor transient sea-level rise recognised 
herein?  
Chitinozoans are understood to be the egg cases of extinct metazoan animals (Paris and 
Nõlvak 1999) and may have been in trophic levels particularly susceptible to a significant 
primary productivity turnover. Perhaps primary productivity collapse can be implied from 
the continued disappearance of Ango. longicollis from Buttington Brick Pit. However, this 
is unlikely as the disappearance of Ango. longicollis precedes both the decrease in diversity 
affecting the larger chitinozoan group (fig. 3.1) and the decrease in the absolute abundance 
affecting all palynological groups, including microphytoplankton, at higher stratigraphical 
levels (fig. 7.2) in the section by several meters.  
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As discussed previously, the lack of accurate microphytoplankton diversity data as the 
result of poor preservation, and potential preservational bias, means that it is not possible 
to use the microphytoplankton as a proxy for primary productivity at Buttington Brick Pit. 
For a discussion regarding palaeoenvironmental forcing controls on primary productivity 
in relation to carbon cycling on low latitude shelves during this interval, see 
Vandenbroucke et al. (2013).  
 
7.16. THE SIGNAL FOR ‘COOLING’ PALAEOCLIMATE IN THE EARLY 
SHEINWOODIAN IN RELATION TO ACRITARCH COMMUNITY TURNOVER. 
 
Lehnert et al. (2010) suggested that low latitude cooling associated with an early 
Sheinwoodian glaciation is expressed in a significant drop in temperature (of 4 °C) on 
Gotland, after the extinctions of many groups but broadly coinciding with a turnover in the 
acritarch community  over 80% of originations/extinctions occur in the upper part of the 
Upper Visby Formation (Gelsthorpe 2004) at levels correlated with the riccartonensis 
graptolite Biozone. The drop in temperature implied by the oxygen isotope excursion is not 
associated with a negative trend in the carbon isotope curve on Gotland, though the rate of 
increasing δ13Ccarb values does appear to progressively slow over this interval (Lehnert et 
al. 2010, fig. 4).  
Lehnert et al. (2010, p. 329) concluded that ‘in general, faunas are affected more by global 
warming and unstable climate conditions than by the following glacial events. In addition, 
cool and stable climates during glacial periods seem to provide better environmental 
conditions reflected by times when faunas flourish and no extinctions are observed.’ 
However, acritarch community turnover, as opposed to outright extinction, during the 
Ireviken Event may be related to the ability of many microphytoplankton to encyst during 
time of environmental stress (e.g. similar to most modern day dinoflagelletes). This would 
allow the group to be more tolerant of palaeoenvironmental changes than other groups that 
became extinct through the Ireviken Event (e.g. conodonts) (Loydell 2007).  
The lack of accurate microphytoplankton diversity data from Buttington Brick Pit means 
that a turnover or extinction in the acritarch community could not be observed from the 
section herein. However, subtle changes within the composition of the acritarch 
community at generic level and in the relative abundance of specific palynological 
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morphotypes at some levels within the section herein suggest that the acritarch community 
recognised herein were affected by a sea-level rise associated with an interval of relatively 
lower carbon isotope values.  
As discussed previously, the prominent shift in oxygen isotope values reported by Lehnert 
et al. (2010) may not be a primary palaeoenvironmental signal of cooling as lithological 
evidence for regression on Gotland in the early Sheinwoodian precedes the shift in oxygen 
isotope values. Stricanne et al. (2006) considered that palaeosalinity, as opposed to 
palaeotemperature, is more significant in causing large amplitude changes in oxygen 
isotope data. They suggest that lower Palaeozoic acritarchs, assuming they are analogous 
with modern dinoflagellete cysts, may show a reduction in process length under both 
elevated and reduced salinity. If this is the case then it has some interesting implications 
for the use of acritarchs as palaeoenvironmental indicators. High evaporation rates in low 
palaeolatitudes or increased freshwater run-off from the terrestrial realm could both have 
had local impacts on palynomorph assemblages in proximal palaeoenvironments. 
Loydell (2007, p. 542) commented that ‘fluctuations in salinity would be very likely in the 
nearshore environments represented by the Eke and Burgsvik formations [on Gotland]; 
[where] reduced process length characterizes both Micrhystridium and Veryhachium (both 
acritarchs) during the carbon isotope excursion interval’ of Stricanne et al. (2006, p. 21). 
Considering that the early Sheinwoodian-age succession at Buttington Brick Pit was 
deposited on the mid-shelf, it seems unlikely that local salinity changes could have affected 
the palaeoenvironmental signal interpreted from the microphytoplankton assemblage 
herein. Accordingly, it is considered herein that fluctuations in palynomorph assemblages 
situated in the water column on the mid-shelf are potentially more indicative of 
palaeoenvironmental changes specific to the marine realm than nearshore palynomorph 
assemblages, the latter of which potentially records a coupled terrestrial-marine 
palaeoenvironmental signal. This implies that caution must be taken when 
evaluating/comparing microphytoplankton assemblage data, considered indicative of 
palaeoenvironmental changes, from between sections representing proximal and distal 
palaeoenvironments where terrestrial influxes are poorly understood.  
 
7.17. SUMMARY. 
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A significant caveat affects the palaeoenvironmental interpretation of the 
microphytoplankton community at Buttington Brick Pit; poor preservation of many 
elements of the microphytoplankton assemblage means that true acritarch diversity during 
the Early Sheinwoodian positive carbon isotope excursion cannot be investigated reliably 
at this locality. This lack of accurate diversity data means that a turnover in the acritarch 
community, if present, cannot be observed at Buttington Brick Pit. Additionally, the early 
Sheinwoodian graptolite extinction is not observed at Buttington Brick Pit, which has low-
diversity graptolite assemblages from the upper murchisoni graptolite Biozone.  
Despite this caveat, however, some microphytoplankton groups, genera, and morphotypes 
show trends in relative abundance that are directly associated with the early Sheinwoodian 
positive carbon isotope excursion, in both periods of rapid fluctuation and in sustained 
intervals of relatively low δ13Ccarb values. The timing (determined by biostratigraphical 
control and compared to changes in the δ13Ccarb curve) and nature of these trends are 
considered the result of palaeoenvironmental changes associated with sea-level change(s). 
Therefore, herein, it is considered that sea-level, and ultimately glaciation, played a 
significant role in the control, and therefore perhaps the driving mechanism, of the early 
Sheinwoodian δ13Ccarb curve.  
The evidence and discussion above suggests that the most probable cause of the excursion 
is enhanced weathering of carbonates during falling/low sea-level (see Loydell 2007). The 
development of carbonates on the margin of the Welsh Basin and Midland Platform during 
glacio-eustatic sea-level fall within the early Sheinwoodian is not considered to preclude 
the application of the weathering hypothesis (as modified by Melchin and Holmden 
2006a,b). This is because the global signal of the positive carbon isotope excursion is 
considered more significant than the effects of local carbon cycling within the basin. 
However, the effect of local carbon cycling within the Welsh Basin with regard to the 
apparently increasing magnitude of the interval of relatively low carbon isotope values, 
superimposed on the positive carbon isotope excursion more distally within the basin, may 
be problematic for this model (as previously discussed). Unfortunately, no further 
comment can made on this issue, based on the data available herein, as biostratigraphical 
correlation of this negative feature in the carbon isotope curve cannot be achieved to a 
sufficiently high resolution between proximal and distal sections in the early Sheinwoodian 
of the Welsh Basin.  
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It is possible that the increased burial of organic carbon associated with a regression may 
be significant in influencing/driving the positive carbon isotope excursion, feasibly 
particularly so after the onset of the excursion when sea-levels were highest (middle/upper 
murchisoni graptolite Biozone. However, TOC data are not currently available from the 
section at Buttington Brick Pit herein. 
Glaciation was the most probable cause of the sea-level fall within the early Wenlock, and 
could have had the added effect of increasing aridity. This may have contributed to an 
increase in nutrient input into the basin during this interval by increasing the rate of 
windblown dust into marine basins (Loydell 2007). Loydell (1994, 2007) suggested that 
increased nutrient input could cause the graptolite extinction in three significant ways. 
Firstly, reduced spatial heterogeneity within oceans may have resulted from the 
diminution/elimination of oligotrophic habitats. Secondly, increased environmental 
instability probably occurred as a result of glaciation (e.g. affecting niche development). 
Thirdly, a reduction in the depth to the base of the euphotic zone because of decreased 
water transparency may have increased competition. Loydell (2007, p. 544) emphasised 
that ‘these factors would not necessarily have affected the graptolites themselves, but the 
phytoplankton upon which they ultimately depended.’ It is not possible to test this model at 
Buttington Brick Pit, for the reasons outlined above. 
The interpretation herein disagrees with that of Stricanne et al. (2006), for the mechanism 
of the Ludlow positive excursion  they considered their results to be in good accordance 
with climatic models for the Silurian, assuming alternating humid and arid climatic 
conditions at low latitudes (Bickert et al. 1997, Munnecke et al. 2003). Loydell (2007) 
reinterpreted data significant to their arguments to suggest that changing sea-level played a 
more significant role than was considered in their study. Ultimately, it is considered herein, 
that a model that is effectively decoupled from the significant sea-level fall that occurred in 
the early Sheinwoodian is very difficult to test using microphytoplankton as a proxy for 
upwelling and nutrient input into the palaeoocean. This is because such a model does not 
consider the control and affect that proximity to shore would have had on the 
microphytoplankton assemblage for those same variables (e.g. nutrient input from 
terrestrial sources).  
Three significant factors preclude the data from Buttington Brick Pit being applied to test 
the H-period/A-period model (Bickert et al. 1997, Munnecke et al. 2003). Firstly, the 
importance of changes in sea-level to the microphytoplankton assemblage must be 
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considered at Buttington Brick Pit, and therefore presumably for the Welsh Basin as a 
whole. Secondly, uncertain biostratigraphical correlation between sections deposited in 
more proximal and distal localities in the early Sheinwoodian Midland Platform/Welsh 
Basin means that the precise timing, and therefore order, of biotic events is uncertain 
between these palaeoenvironments. Thirdly, the lack of accurate diversity data from the 
microphytoplankton assemblage means that the precise timing, or occurrence, of a turnover 
in the acritarch community cannot be observed at Buttington Brick Pit, with regard to the 
carbon isotope curve. 
The investigation, herein, utilised variations in microphytoplankton morphotypes through 
the section as diagnostic of changes in palaeoenvironment. An appraisal of the quantative 
methods used to categorise microphytoplankton morphotypes in the published literature 
shows that categorisation of these morphotypes differs between authors (e.g. Stricanne et 
al. 2004, 2006 and Loydell et al. 2013). Consequently, there is variation in the methods for 
constructing a microphytoplankton palaeoenvironmental proxy.  
The methods of Stricanne et al. (2004, 2006) and Loydell et al. (2013) quantify/qualify the 
morphotype categories in different ways (e.g. the difference in the process length 
categorisation for non-polygonomorph, process-bearing acritarchs in Stricanne et al. 2004, 
2006 and in Loydell et al. 2013). Additionally, Stricanne et al. (2004, 2006) and Loydell et 
al. (2013) determine the relative abundance of microphytoplankton groups, genera, and 
morphotypes differently. For example, Stricanne et al. (2006, fig. 9A) determined the 
relative abundance of a ‘process-bearing acritarch group’ using data from acanthomorphs, 
polygonomorphs, and netromorphs. Loydell et al. (2013) considered a ‘non 
polygonomorph, process-bearing acritarch’ group to consist of acanthomorphs and 
acritarchs. Loydell et al. (2013, fig. 7) determined the relative abundance of different 
acritarch morphological groups using data from acritarchs, acanthomorphs, 
polygonomorphs, netromorphs, and sphaeromorphs. The respective authors, therein, 
recognised trends in the relative abundance data of their morphotype groups as indicative 
of palaeoenvironmental changes, albeit, their interpretation of their respective data differs. 
Employing slightly different criteria to categorise the microphytoplankton morphotypes 
could produce different trends in the absolute and relative abundance in some 
microphytoplankton groupings for the same microphytoplankton assemblage. Depending 
on the nature of the microphytoplankton assemblage under investigation, this could affect 
the palaeoenvironmental signal from these categories, and therefore our understanding of 
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microphytoplankton as palaeoenvironmental proxies (e.g. as distance to shore indicators) 
and subsequent palaeoenvironmental interpretations. This recognition is valuable in 
developing useful quantative categorisation methods for microphytoplankton morphotypes 
and for correctly comparing between studies (e.g. by palaeoregion or stratigraphically). 
Consequently it is recommended, herein, that the morphotype categories of both Stricanne 
et al. (2005, 2006) and Loydell et al. (2013) are applied to microphytoplankton assemblage 
datasets. This is in order to confirm that palaeoenvironmental interpretations are consistent 
between methods. 
 
7.18. IDENTIFICATION OF ACRITARCHS AND PRASINOPHYTES.  
 
7.18.1. COMMENTS ON IDENTIFICATIONS. 
 
The descriptive terminology used herein is from Mullins (2001, p. 26–30). No attempt has 
been made to assign species to Leiosphaeridia. This is primarily because all specimens 
from Buttington Brick Pit attributed to this genus are simple spherical to ellipsoidal bodies 
that lack distinguishing external features such as surface ornament. Although vesicles 
differ in size and wall thickness, variations within these features between specimens may 
represent interspecies variation within a single species (for a more in-depth discussion see 
Mullins 2001, p. 47). PL = maximum process length; VL = vesicle length; VW = vesicle 
width; PØb = diameter of process base; M = membrane height; F = field width. 
Measurements are of figured specimens.  
 
7.18.2. IDENTIFICATION OF SELECTED PRASINOPHYTES. 
 
Dictyotidium biscutulatum Kiryanov, 1978 
Pl. 14, fig. 14. 
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A ‘net-like’ ornamentation covers the surface on the vesicle and is composed of polygonal 
fields of irregular size and shape that are formed by short, thin membranes. Within these 
fields, a considerably smaller, reticulate ornament is observed.  
V= 31.6 μm, M= 1.3 μm, F= 9.0 μm, [one specimen measured]. 
 
7.18.3. IDENTIFICATION OF SELECTED ACRITARCHS. 
 
Ammonidium ?waldronense (Tappan and Loeblich Jr, 1971) Dorning, 1981c 
Pl. 15, figs 6, 20. 
Suboval to subspherical vesicle has a foveolate ornament. Narrow processes have furcate 
terminations with splitting confined to the most distal parts of the processes. Process 
terminations are bifid or possess a small rosette of 3 spines. Assignment of specimens to 
this species is questionable as the poor preservation of specimens does not allow the clear 
identification of ‘more than 40 [processes] visible from one side’ of the vesicle required 
from the original diagnosis of Tappan and Loeblich Jr (1971, p. 392). However, numerous 
processes are observed (PN: number at least 19–at least 32).  
VL = 36.0–34.7 μm, VW = 27.7–29.3 μm, PL = 11.9–12.1 μm, PØb = 3.8–2.8 μm, PN = 
19 (minimum)–32, [two specimens measured]. 
 
Ammonidium ?microclatum (Downie, 1963) Lister, 1970 
Pl. 15, fig. 12. 
Specimens questionably assigned to the species A. microclatum herein possess hollow, 
slender processes that branch in the most distal parts. Specimens are questionably assigned 
to this species as they possess a vesicle surface that is foveo-graulate  a feature suggesting 
that this specimen may be have an affinity with Ammonidium waldronense (discussed 
above). However, the columnar aspect of the processess and style of the branching allow 
questionable assignment to A. microclatum.  
VL (minimum) = 31.3 μm, PL = 12.7 μm, PØb = 1.9 μm, PN = 10 [one specimen 
measured]. 
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Baltisphaeridium muldiense (Le Hérissé, 1989) Mullins, 2001 
Pl. 16, fig. 7. 
Sub-spherical, microgranulate vesicle. Thin, cylindrical, hollow, and flexous processes that 
taper distally to simple terminations. Some process appears striate at the base and closed 
from the vesicle interior.  
VL = 25.2 μm, VW = 20.0 μm, PL = 15.8 μm, PØb = 2.7 μm, PN = 15, [one specimen 
measured]. 
 
Gorgonisphaeridium citrinum (Downie, 1963) Mullins, 2001 
Pl. 15, fig. 10; Pl. 16, fig. 1. 
Laevigate vesicle wall with numerous short, solid processes. Branching of the processess is 
confined to the very distal tips and causes processes to appear to be capitate under 
transmitted light microscopy due to the small size of these structures. 
VL = 37.5–35.7 μm, PL = 1.7–3.9 μm, PØb = 0.5–0.6 μm, PN = 35+, [two specimens 
measured]. 
 
Helosphaeridium sp. A 
Pl. 15, fig. 19. 
The majority of processes initially appear to be solid tubercles, a feature indicative of 
Lophosphaeridium. However, one small, hollow process flares distally suggesting this 
taxon is more correctly assigned to Helosphaeridium. Process/tubercle bases are irregularly 
shaped and of variable size where they connect the vesicle. This taxon remains in open 
nomenclature due to the paucity of specimens at Buttington Brick Pit. 
VL = 16.9 μm, VW = 14.7 μm, PL = 0.9 μm, PØb = 1.0 μm, PN (minimum) = 45, [one 
specimen measured]. 
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Oppilatala ramusculosa (Deflandre, 1942 ex Deflandre, 1945) Dorning 1981c 
Pl. 16, fig. 12; Pl. 17, fig. 3, 9–10. 
Sub-spherical vesicle with distinct, slender, thin processes that are plugged at their bases 
and not freely connected with the vesicle interior. Heteromorphic processes may be simple 
(rarely) or ramified. Ramified processes branch irregularly with up to 3
rd
 order branching 
occurring from a half to a third of the way along the processes.  
Many specimens with proximally broken processes that possess plugged bases are 
observed within the section. It is not possible determine the nature or complexity of the 
process of such specimens and it is probable that Oppilatala is underrepresented from the 
section as a result of poor preservation.  
VL = 26.6–26.4 μm, PL = 19.4–14.2 μm, PØb = 4.2–2.5 μm, PN = 10 [two specimens 
measured]. 
 
Salopidinium granuliferum (Downie, 1959) Dorning, 1981c 
Pl. 15, figs 13, 15. 
Sub-spherical vesicle has a thin foveolate wall. Simple, thin, hollow, tapering processes are 
freely connected to the vesicle interior. Ammonidium waldronense (Tappan and Loeblich 
Jr) is morphologically similar but differs by possessing complex process terminations. S. 
granuliferum differs from Salopidinium truncatum Swire, not recognised within this 
section, by possessing tapering processess.  
Mullins considered the holotype of S. granuliferum to be ‘almost identical’ to S. 
wenlockenses but differing by possessing ‘longer, thinner processes’ (Mullins 2001, p. 
111–112). However this is not very pronounced when comparing the holotype material of 
these taxa (illustrated in Downie 1959 as Baltisphaeridium 
brevispinosum var. granuliferum, pl. 10, fig. 5 and as Baltisphaeridium 
brevispinosum var. wenlockenses, pl. 10, fig. 4, respectively therein). Amongst numerous 
specimens, a continuum of morphological variation appears to occur when considering the 
width and length of processes. This means some specimens may simultaneously be 
attributable to either S. granuliferum or S. wenlockenses. Consequently, S. wenlockenses 
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has not been distinguished herein and the stratigraphical occurrence of S. granuliferum 
may include specimens attributable to S. wenlockenses. 
VL = 31.0–32.4 μm, VW = 28.6–31.8 μm, PL = 6.7–14.2 μm, PØb = 2.1–2.2 μm, PN = 
37–19 [two specimens measured]. 
 
Visbysphaera microspinosa (Eisenack, 1954), Lister, 1970 Group 
Pl. 15, fig. 8; Pl. 16, figs 4, 7. 
Sub-spherical to ellipsoidal vesicle with solid or hollow ornament. Specimens assigned to 
this species may show a variety of ornament: grana, bacculae, short or long spines (see 
Mullins 2001, p. 118). Ornament for specimens assigned that this taxon herein is dense 
with short processes (i.e. specimens assigned to this species are considered ‘acanthomorph’ 
morphotypes). Many of specimens assigned to this species herein are dark or opaque.  
VL = 29.3–61.2 μm, VW = 25.9–59.2 μm, PL = 3.6–0.9 μm, PØb = 0.2–1.3 μm, PN = 18 
(minimum)-55+ (PN is difficult to confidently determine on opaque specimens) [three 
specimens measured].  
  
292 
 
PLATE 14 
 
Scale bar = 10 μm. E.F. = England finder reference. Images ‘stacked’ with software where 
appropriate. Samples numbers related to specimen height in the section. For stratigraphic 
positions regarding chitinozoan and graptolite biozones see appendix 5.  
 
Figs 1–2, 4, 6, Veryhachium sp.  
Fig. 1, sample +5.65–+5.70 m, BBP8E, 10 μm fraction, slide C, E.F. J32.  
Fig. 2, sample +5.15–+5.20 m, BBP12H, 10 μm fraction, slide A, E.F. B36/3.  
Fig. 4, sample +4.00–+4.05 m, BBP3C 10 μm fraction, slide A, E.F. L35.  
Fig. 6, sample +5.15–+5.20 m, BBP12H, 10 μm fraction, slide B, E.F. E29/1.  
All specimens: morphotype = ‘polygonomorph’.  
 
Figs 3, 5, 7–8, 10–11, Barbestiastra barbata Sarjeant and Stancliffe 
Fig. 3, sample +0.20–+0.25 m, BBP1C2, 10 μm fraction, slide A, E.F. L25/2.  
Fig. 5, sample +0.60–+0.65 m, BBP1E3, 10 μm fraction, slide B, E.F. P36.  
Fig. 7, sample +0.40–+0.45 m, BBP1D3, 10 μm fraction, slide A, E.F. U30/4.  
Fig. 8, sample +1.20–+1.25 m, BBP2C, 10 μm fraction, slide A, E.F. O41/1.  
Fig. 10, sample +1.20–+1.25 m, BBP2E3, 53 μm fraction, slide A, E.F. D39/2.  
Fig. 11, sample +2.20–+2.25 M, BBP6F, 10 μm fraction, slide D, E.F. E33/4.  
All specimens: morphotype = ‘polygonomorph’.  
 
Fig. 9, Dorsennidium sp., sample +0.80–+0.85 m, BBP1F2, 10 μm fraction, slide A, E.F. 
V33/4. Morphotype = ‘polygonomorph’. 
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Fig. 12, Pulvinosphaeridium sp., sample +1.00–+1.05 m, BBP2B, 10 μm fraction, slide A, 
E.F. Q32. Morphotype = ‘polygonomorph’. 
 
Figs 13, 16, Dictyotidium sp. 
Fig. 13, sample +1.40–+1.45 m, BBP2D2, 10 μm fraction, slide A, E.F. B35. 
Fig. 16, sample +8.30–+8.35 m, BBP5C, 10 μm fraction, slide B, E.F. K40. 
All specimens: morphotype = ‘herkomorph’/‘prasinophyte’. 
 
Fig. 14, Dictyotidium biscutulatum Kiryanov, sample +1.20–+1.25 m, BBP2C, 10 μm 
fraction, slide A, E.F. S30. Morphotype = ‘herkomorph’/‘prasinophyte’. 
 
Fig. 15, Cymatiosphaera sp., sample +2.20–+2.25 m, BBP6F, 10 μm fraction, slide C, 
E.F. Q31. Morphotype = ‘herkomorph’/‘prasinophyte’. 
 
Fig. 17, Cymatiosphaera lawsonii Mullins, sample +0.20–+0.25 m, BBP1C2, 10 μm 
fraction, slide A, E.F. N20/2. Morphotype = ‘herkomorph’/‘prasinophyte’. 
 
Fig. 18, Cymatiosphaera? sp., sample +1.40–+1.45 m, BBP2D2, 10 μm fraction, slide C, 
E.F. U42/1. Morphotype = ‘herkomorph’/‘prasinophyte’. 
  
  
294 
 
 
  
295 
 
PLATE 15 
 
For explanation of measurements and abbreviations used see notes at the start of the 
description of plate 14. 
 
Fig. 1, Spore, sample +1.00–+1.05 m, BBP2B, 10 μm fraction, slide A, E.F. J30/4. 
Morphotype = spore. 
 
Figs 2–5, Trilete spore 
Fig. 2, sample +4.30–+4.35 m, BBP12D, 10 μm fraction, slide B, E.F. D44/2. 
Fig. 3, sample +8.40–+8.45 m, BBP5D, 10 μm fraction, slide A, E.F. L36. 
Fig. 4, sample +7.05–+7.10 m, BBP13D, 10 μm fraction, slide A, E.F. D37/4. 
Fig. 5, sample +6.25–+6.30, BBP13B, 10 μm fraction, slide B, E.F. T35/3. 
All specimens: morphotype = spore. 
 
Figs 6, 20, Ammonidium ?waldronense (Tappan and Loeblich Jr )  
Fig. 6, sample +5.15–+5.20 m, BBP12H, 10 μm fraction, slide B, E.F. F43. 
Fig. 20, sample +0.80–+0.85 m, BBP1F2, 10 μm fraction, slide A, E.F. Q39/4. 
All specimens: morphotype = ‘acanthomorph’. 
 
Fig. 7, Helosphaeridium? sp., sample +0.10–+0.15 m, BBP6A, 10 μm fraction, slide B, 
E.F. R57/4. Morphotype = ‘acanthomorph’. 
 
Fig. 8, Visbysphaera microspinosa (Eisenack), sample +5.15–+5.20 m, BBP12H, 10 μm 
fraction, slide A, E.F. E39/1. Morphotype = ‘acanthomorph’. 
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Figs 9, 11, Multiplicisphaeridium sp. 
Fig. 9, sample +5.55–+5.60 m, BBP8D, 10 μm fraction, slide A, E.F. N28.  
Fig. 11, sample +7.55–+8.00 m, BBP13F, 10 μm fraction, slide A, E.F. R35/2. 
All specimens: morphotype = ‘acanthomorph’. 
 
Fig. 10, Gorgonisphaeridium citrinum (Downie), sample +6.25–+6.30 m, BBP13B, 10 
μm fraction, slide A, E.F. L41/2. Morphotype = ‘acanthomorph’. 
 
Fig. 12, Ammonidium ?microcladum (Downie), sample 0–+0.05 m, BBP1B2, 10 μm 
fraction, slide A, E.F. N46/1. Morphotype = ‘acritarch’.  
 
Figs 13, 15, Salopidinium granuliferum (Downie) 
Fig. 13, sample 0–+0.05 m, BBP1B2, 10 μm fraction, slide B, E.F. S56. 
Fig. 15, sample +5.15–+5.20 m, BBP12H, 10 μm fraction, slide A, E.F. N38/2. 
All specimens: morphotype = ‘acanthomorph’. 
 
Fig. 14, Micrhystridium sp., sample +5.15–+5.20 m, BBP12H, 10 μm fraction, slide A, 
E.F. O35/3. Morphotype = ‘acanthomorph’. 
 
Fig. 16, Diexallophasis remota (Deuff), sample +1.20–+1.25 m, BBP2C, 10 μm fraction, 
slide A, E.F. U37. Morphotype = ‘acritarch’. 
 
Fig. 17, Visbysphaera? sp., sample +0.30–+0.35 m, BBP6B, 10 μm fraction, slide C, E.F. 
E–29–4. Morphotype = ‘acanthomorph’. 
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Fig. 18, Florisphaeridium? sp., sample +0.80–+0.85 m, BB1F2, 10 μm fraction, slide A, 
E.F. X43/2. Morphotype = ‘acanthomorph’. 
 
Fig. 19, Helosphaeridium sp. A, sample +0.30–+0.35 m, BBP6B, fraction 53, slide B, E.F. 
E38/4. Morphotype = ‘acanthomorph’. 
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PLATE 16 
 
For explanation of measurements and abbreviations used see notes at the start of the 
description of plate 14. 
 
Fig. 1, Gorgonisphaeridium citrinum (Downie), sample +5.15–+5.20 m, BBP12H, 10 μm 
fraction, slide A, E.F. E32/2. Morphotype = ‘acanthomorph’. 
 
Fig. 2, Tylotopalla wenlockia Dorning, sample +0.80–+0.85 m, BBP1F2, 10 μm fraction, 
slide A, E.F. U31/2. Morphotype = ‘acanthomorph’. 
 
Fig. 3, Diexallophasis sp., sample +5.65–+5.70 m, BBP8E, 10 μm fraction, slide C, E.F. 
P37/2. Morphotype = ‘acritarch’. 
 
Figs 4, 17, Visbysphaera microspinosa (Eisenack) 
Figs 4, sample +5.15–+5.20 m, BBP12H, 10 μm fraction, slide A, E.F. U33/4.  
Figs 17, sample +4.30–+4.35 m, BBP12D, 10 μm fraction, slide A, E.F. F38.  
All specimens: morphotype = ‘acanthomorph’. 
 
Fig. 5, Micrhystridium sp., sample +5.15–+5.20 m, BBP12H, 10 μm fraction, slide A, E.F. 
O28/3. Morphotype = ‘acanthomorph’. 
 
Fig. 6, Diexallophasis remota (Deuff) 
Fig. 6, sample +5.15–+5.20 m, BBP12H, 10 μm fraction, slide A, E.F. V40. 
Fig. 9, sample +5.15–+5.20 m, BBP12H, 10 μm fraction, slide A, E.F. O39/2 
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Fig. 11, sample +2.20–+2.25 m, BBP6F, 10 μm fraction, slide C, E.F. Q32/4 
All specimens: morphotype = ‘acritarch’. 
 
Fig. 7, Baltisphaeridium muldiense (Le Hérissé), sample +5.75–+5.80 m, BBP8F, 10 μm 
fraction, slide A, E.F. K33. Morphotype = ‘acanthomorph’. 
 
Figs 8, 18, Opillata sp. 
Fig. 8, sample +5.55–+5.60 m, BBP8D, 10 μm fraction, slide E, E.F. T31. 
Fig. 19, sample +0.80–+0.85 m, BBP1F2, 10 μm fraction, slide A, E.F. K31. 
All specimens: morphotype = ‘acritarch’. 
 
Fig. 10, Acritarch gen. indet. sp. indet. 
Fig. 10, Typical style of preservation of acritarch and acanthomorph specimens within the 
section. Note probably broken processes. Sample BBP13C, 10 μm fraction, slide E, E.F. 
J43. 
Fig. 14, Typical style of preservation of acritarch and acanthomorph specimens within the 
section. Note broken processes. Bubble on specimen. Sample +5.15–+5.20 m, BBP12H, 10 
μm fraction, slide A, E.F. R38.  
Fig. 16, Note broken processes on specimen. Sample BBP12F, +4.80–+4.85 m, 53 μm 
fraction, slide A, E.F. T32/1. 
All specimens: morphotype = ‘acritarch’. 
 
Fig. 12, Oppilatala ramusculosa (Deflandre), sample +0.90–+0.95 m, BBP7A, 10 μm 
fraction, slide A, E.F. G38/4. Morphotype = ‘acritarch’. 
 
  
301 
 
Fig. 13, Diexallophasis? sp., sample +5.15–+5.20 m, BBP12H, 10 μm fraction, slide A, 
E.F. V34/4. Morphotype = ‘acritarch’. 
 
Fig. 15, Salopidinium granuliferum (Downie), sample +0.80–+0.85 m, BBP1F2, 10 μm 
fraction, slide A, E.F. N32. Morphotype = ‘acanthomorph’. 
 
Fig. 18, Tylotopalla robustispinosa (Downie), sample +0.80–+0.85 m, BBP1F2, 10 μm 
fraction, slide A, E.F. L30/2. Morphotype = ‘acritarch’.  
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PLATE 17 
 
For explanation of measurements and abbreviations used see notes at the start of the 
description of plate 14. 
 
Fig. 1, Opillata sp., sample +0.50–+0.55 m, BBP6C, 10 μm fraction, slide C, E.F. M33–2. 
Morphotype = ‘acritarch’.  
 
Fig. 2, Multiplicisphaeridium sp., sample +5.55–+5.60 m, BBP8D, 10 μm fraction, slide 
C, E.F. V48/1. Morphotype = ‘acritarch’.  
 
Figs 3, 8–9, Oppilatala ramusculosa (Deflandre) 
Fig. 3, sample +7.35–+7.40 m, BBP13E, 10 μm fraction, slide C, E.F. K47/1. 
Figs 8 and 9, same specimen in both images. Note heteromorphic, simple and ramified 
processes, sample +0.20–+0.25 m, BBP1C2, 10 μm fraction, slide A, E.F. L30/3. 
‘unstacked’ images. Different ‘depth’ of view in each figure. 
All specimens: morphotype = ‘acritarch’. 
 
Fig. 4, Diexallophasis? sp., sample +7.55–+8.00 m, BBP13F, 10 μm fraction, slide A, E.F. 
R33/3. Morphotype = ‘acritarch’. 
 
Figs 5, 11, Diexallophasis remota (Deuff)  
Fig. 5, sample +7.35–+7.40 m, BBP13E, 10 μm fraction, slide D, E.F. N46/4. 
Fig. 11, sample +5.65–+5.70 m, BBP8E, 10 μm fraction, slide D, E.F. E35/3.  
All specimens: morphotype = ‘acritarch’. 
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Fig. 6, Helosphaeridium sp., sample +7.35–+7.40 m, BBP13E, 10 μm fraction, slide C, 
E.F. E31/1. Morphotype = ‘acanthomorph’. 
 
Fig. 7, Tylotopalla? sp., sample +7.55–+8.00 m, BBP13F, 10 μm fraction, slide A, E.F. 
V30. Morphotype = ‘acritarch’. 
 
Fig. 10, Cluster of prasinophytes, sample +8.40–+8.45 m, BBP5D, 10 μm fraction, slide 
A, E.F. G47/1. Morphotype = ‘herkomorph’/‘prasinophyte’.  
 
Fig. 12, Pterospermella sp., sample +7.55–+8.00 m, BBP13F, 10 μm fraction, slide A, 
E.F. N36. Morphotype = ‘prasinophyte’. 
 
Fig. 13, Tasmanites sp., sample +1.40–+1.45 m, BBP2D2, 10 μm fraction, slide A, E.F. 
U37/1. Morphotype = ‘prasinophyte’. 
 
Fig. 14, Schismatosphaeridium rugulosum (Dorning), sample +0.60–+0.65 m, BBP1E3, 
10 μm fraction, slide C, E.F. U38/1. Morphotype = no category provided for sensu 
Stricanne et al. (2004, 2006). Treated as a non-process-bearing acritarch herein. 
 
Figs 15, 17–18, Leiosphaerid, undifferentiated 
Fig. 15, slightly foveolate specimen, sample +6.25–+6.30 m, BBP13B, 10 μm fraction, 
slide A, E.F. S37. 
Fig. 17, specimen with folded vesicle wall, sample +0.10–+0.15 m, BBP6A, fraction 53, 
slide D, E.F. W57/4. 
Fig. 18, dark specimen, sample +5.75–+5.80 m, BBP8F, 10 μm fraction, slide A, E.F. 
G36/4. 
All specimens: morphotype = ‘sphaeromorph’. 
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Fig. 16, Scolecodont fragment, gen. indet. sp. indet., sample BBP6D, 10 μm fraction, 
slide C, E.F. P37. 
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CHAPTER 8: CONCLUSIONS. 
 
 The lower Sheinwoodian strata of Buttington Brick Pit are assigned herein to three 
local chitinozoan biozones: the margaritana chitinozoan Biozone, the bouniensis 
chitinozoan Biozone and the bella chitinozoan Biozone. These biozones are calibrated 
to the graptolite biostratigraphy of Loydell et al. (2014). These combined chitinozoan 
biozones occur within the ‘global’ margaritana chitinozoan biozone of Verniers et al. 
(1995). 
 The local chitinozoan biozones assigned to the section herein can be recognised, or 
partially recognised, from other areas within the Welsh Basin, including the type area 
of the basal Wenlock (Swire 1993, Verniers 1999, Mullins and Loydell 2001, Mullins 
and Aldridge 2004), the Mehaigne area, Belgium (see Verniers 1982, Verniers et al. 
2002), the Prague Basin (Dufka et al. 1995, Morávek 2009), and the Baltic region 
(Nestor 1994, 2012). 
 The chitinozoan biozonation scheme proposed for the Silurian of the Baltic region 
(Nestor 1994, 2012) can be directly applied to the chitinozoan assemblage from the 
early Sheinwoodian of Buttington Brick Pit. The disappearance of Angochitina 
longicollis allows for the recognition of Interzone IV sensu Nestor (1994) for the first 
time within the Welsh Basin.  
 The disappearance of Angochitina longicollis Eisenack in the section precedes the 
general diversity decrease in chitinozoans, which suggests that this taxon may have 
been living at the edge of its palaeoenvironmental (i.e. tolerance) range. If Ango. 
longicollis is occurring at the edge of its tolerance range, this taxon may be more 
susceptible to perturbations in the palaeoenvironment. It is considered, herein, that the 
distribution of Ango. longicollis may be facies-related with sea-level change playing a 
significant role in the palaeogeographical and stratigraphical distribution of this taxon, 
at least within the early Sheinwoodian Welsh Basin. This is determined from 
stratigraphical control (provided by graptolites and chitinozoans) at the levels of 
disappearance of this taxon in distal to more proximal facies in the Welsh Basin and 
the sea-level curve of Loydell (1998, Verniers 1999, Mullins and Loydell 2001, data 
herein).  
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 Salopochitina bella Swire, a biostratigraphically significant taxon in the local 
biozonation scheme for the early Sheinwoodian of the Welsh Basin (as proposed by 
Mullins and Loydell 2001), is in need of taxonomic revision. The understanding of the 
morphology, and correct identification, of this taxon are important in order to 
understand the palaeogeographical and stratigraphical distribution of this species 
within the Welsh Basin and other regions.  
 It has been suggested by Mullins and Aldridge (2004) that the first appearance of 
Pterochitina hughleyensis Mullins and Aldridge is potentially significant for 
constraining the base of the Wenlock. This taxon is reported herein for the first time 
outside of the GSSP locality (the Hughley Brook section). Although the lower part of 
this taxon’s stratigraphical range cannot be elucidated at Buttington Brick Pit, the 
upper part of the stratigraphical range has independent control provided by graptolites 
herein. 
 Correlation between distal and proximal facies in the Welsh Basin and Welsh 
Borderland is hindered by a lack of good graptolite biostratigraphical control. The 
chitinozoan biostratigraphical index taxon Salopochitina bella Swire is recognised in 
deeper water sections in the Welsh Basin (Verniers 1999, Mullins and Loydell 2001, 
Mullins and Aldridge 2004) and in the more proximal facies in the Wenlock type area 
(Swire 1993). The occurrence of this taxon in the upper part of the Buildwas 
Formation in the Wenlock type area (Swire 1993) has implications for constraining the 
dating of the sea-level curve proposed by Ray and Butcher (2010; determined from a 
sequence stratigraphical study of the early Wenlock successions on the Midland 
Platform) and suggests that their sea-level curve for the early Sheinwoodian is more 
similar to the sea-level curve of Loydell (1998) than is presented therein.  
 A decrease in the diversity of chitinozoans is recognised within the riccartonensis 
graptolite Biozone (= bella chitinozoan Biozone) at Buttington Brick Pit and this 
agrees well with the chitinozoan data currently available from the Builth Wells district 
(Verniers 1999, Zalasiewicz and Williams 1999). Nestor (1994) reported a decrease in 
chitinozoan diversity within a chitinozoan ‘Interzone IV’ in the Baltic region. 
According to the stratigraphical data of Loydell et al. (1998), Loydell et al. (2003), 
and Loydell et al. (2010), chitinozoan diversity began to decrease in the Baltic region 
at slightly lower stratigraphical levels, within the firmus graptolite Biozone (see 
discussion within Nestor 2012). 
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 Changes in the composition of the microphytoplankton assemblage through the 
section, chiefly fluctuations in the relative abundance of acritarchs (including various 
morphotypes), sphaeromorphs, and prasinophytes, show trends with regard to 
fluctuations within the carbon isotope data. However, the poor preservation of many of 
the acritarchs within the section results in a reduced primary palaeoenvironmental 
signal at some levels.  
 Slight increases in the relative abundance of acritarch genera and morphotypes 
associated with more distal palaeoenvironments, indicating relative sea-level rise, are 
coincident with a protracted interval of relatively low carbon isotope values within the 
section occurring from +5.65 m to +8.25 m. Poor preservation of the 
microphytoplankton within the section herein may be the cause of the subtle nature of 
this signal. Specifically, where moderate to high numbers of broken palynomorph 
specimens reduce the reliability of the primary palaeoenvironmental signal implied by 
the microphytoplankton palaeoenvironmental proxy. 
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APPENDIX 2 
 
Field (lithological) logs for the section as discussed herein and for Loydell et al. (2014).  
All fieldwork including collecting and logging at the section at Buttington Brick Pit was 
undertaken by Anthony Butcher, David Loydell, and Bob Loveridge (University of 
Portsmouth). 
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The configuration of palaeocontinents during the Silurian.  
Palaeomaps reproduced from Torsvik and Cocks (2013). Terrane names provided in figs 
2.13 and 2.20 therein.  
 
Terranes at 430 Ma (Early Silurian, Llandovery, Telychian):  
 
 
Terranes at 420 Ma (Late Silurian, Ludlow, Ludfordian): 
 
APPENDIX 4 
 
Geochemical data values from levels coincident with the microphytoplankton 
palaeoenvironmental investigation (geochemical data of Loydell et al. 2014). 
Height  
(m, lowest) 
δ13Ccarb   
(‰, V- PDB) 
8.60 1.54 
8.50 2.09 
8.40 1.87 
8.30 1.51 
8.18 0.60 
8.05 0.67 
7.55 0.57 
7.35 0.98 
7.05 0.85 
6.85 1.31 
6.25 0.87 
6.05 1.33 
5.85 0.73 
5.75 0.45 
5.65 0.71 
5.55 1.38 
5.45 1.57 
5.35 1.36 
5.15 0.90 
4.95 1.86 
4.80 1.03 
4.70 1.49 
4.30 0.88 
4.00 1.07 
3.50 1.07 
3.40 0.69 
3.00 0.68 
2.80 0.33 
2.20 0.42 
2.00 0.45 
1.60 0.33 
1.40 0.57 
1.30 0.92 
1.20 0.57 
1.00 0.50 
0.90 0.30 
0.80 0.37 
0.70 0.39 
0.60 0.78 
0.50 0.33 
0.40 0.43 
0.30 0.17 
0.20 0.14 
0.10 -0.07 
0 -0.24 
 
APPENDIX 5 
 
Summary of the geochemical and biostratigraphical data available from different heights 
within the section at Buttington Brick Pit (only for data used herein).  
Where upper, middle, and lower are in inverted commas (‘’) this is to denote ‘part of the’, 
e.g. ‘upper part of the firmus graptolite Biozone’. ‘Upper’, ‘middle’, and ‘lower’ are used 
to represent stratigraphical subdivision of a biozone with relation only to the height within 
the section herein (i.e. not based on the composition of the graptolite and/or chitinozoan 
assemblage).  
Key: ‘undif.’ = undifferentiated, * = base of firmus graptolite Biozone (Loydell et al. 2014) 
= +0.90–+ 0.95 m, **= base of riccartonensis graptolite Biozone (Loydell et al. 2014) = 
+2.25–+2.30 m. 
Lab. code Height (m) 
Graptolite biozone 
(identified by DKL; 
Loydell et al. 2014) 
Chitinozoan 
biozone 
(identified 
herein) 
Geochemical  
sample no. 
(Loydell et al. 
2014) / 
samples with 
acritarch data 
δ13Ccarb   
(‰, V- 
PDB) 
(Loydell et 
al. 2014) 
BBP4E +12.00–+12.05 riccartonensis bella N/A N/A 
BBP4D +11.00–+11.05 riccartonensis bella N/A N/A 
BBP4C3 +10–+10.05 riccartonensis bella N/A N/A 
BBP4B3 +9.00–+9.05 riccartonensis bella N/A N/A 
BBP5F +8.60–+8.65 
  
gc172 1.54 
BBP5E +8.50–+8.55 
  
gc170 2.09 
BBP5D +8.40–+8.45 
  
gc168 1.87 
BBP5C +8.30–+8.35 
  
gc166 1.51 
BBP5B +8.18–+8.25 
  
gc164 0.60 
BBP7D +8.05–+8.10 
  
gc162 0.67 
BBP4A +8.00–+8.05 riccartonensis bella N/A N/A 
BBP13F +7.55–+8.00 
  
gc152 0.57 
BBP13E +7.35–+7.40 
  
gc148 0.98 
BBP13D +7.05–+7.10 
  
gc142 0.85 
BBP3F +7.00–+7.05 riccartonensis bella N/A N/A 
BBP13C +6.85–+6.90 
  
gc138 1.31 
BBP13B +6.25–+6.30 
  
gc126 0.87 
BBP13A +6.05–+6.10 
  
gc122 1.33 
BBP3E +6.00–+6.05 riccartonensis bella N/A N/A 
BBP7C +5.85–+5.90 
  
gc118 0.73 
BBP8F +5.75–+5.80 
  
gc116 0.45 
BBP8E +5.65–+5.70 
  
gc114 0.71 
Lab. code Height (m) 
Graptolite biozone 
(identified by DKL; 
Loydell et al. 2014) 
Chitinozoan 
biozone 
(identified 
herein) 
Geochemical  
sample no. 
(Loydell et al. 
2014) / 
samples with 
acritarch data 
δ13Ccarb   
(‰, V- 
PDB) 
(Loydell et 
al. 2014) 
BBP8D +5.55–+5.60 
  
gc112 1.38 
BBP8C +5.45–+5.50 
  
gc110 1.57 
BBP7B +5.35–+5.40 
  
gc108 1.36 
BBP12H +5.15–+5.20 
  
gc104 0.90 
BBP3D +5.00–+5. 05 riccartonensis bella N/A N/A 
BBP12G +4.95–+5.00 
  
gc100 1.86 
BBP12F +4.80–+4.85 
  
gc98 1.03 
BBP12E +4.70–+4.75 
  
gc96 1.49 
BBP12D +4.30–+4.35 
  
gc88 0.88 
BBP3C +4.00–+4.05 riccartonensis bella gc82 1.07 
BBP12C +3.50–+3.55 
  
gc72 1.07 
BBP12B +3.40–+3.45 
  
gc70 0.69 
BBP3B +3.00–+3.05 riccartonensis bella gc62 0.68 
BBP12A2 +2.80–+2.85 riccartonensis** 
 
gc58 0.33 
BBP6F +2.20–+2.25 firmus (‘upper’) 
 
gc46 0.42 
BBP3A +2.00–+2.05 firmus(‘upper’) bella gc42 0.45 
BBP2F2 +1.80–+1.85 firmus(‘upper’) bella N/A N/A 
BBP2E3 +1.60–+1.65 firmus (‘middle’) bella gc34 0.33 
BBP9A +1.50–+1.55 firmus(‘middle’) 
lowermost 
bella 
N/A N/A 
BBP11A +1.45–+1.50 firmus(‘middle’) 
uppermost 
bouniensis 
N/A N/A 
BBP2D2 +1.40–+1.45 firmus(‘middle’) 
bouniensis 
(‘upper’) 
gc30 0.57 
BBP13G +1.30–+1.35 firmus (‘lower’) 
 
gc28 0.92 
BBP2C +1.20–+1.25 firmus(‘lower’) 
bouniensis 
(‘middle’) 
gc26 0.57 
BBP2B +1.00–+1.05 firmus(‘lower’) 
bouniensis 
(‘middle’) 
gc22 0.50 
BBP2A +0.95–+1.00 firmus(‘lower’) 
bouniensis 
(‘middle’) 
N/A N/A 
BBP7A +0.90–+0.95 firmus* (lowermost) 
 
gc20 0.30 
BBP1F2 +0.80–+0.85 upper murchisoni 
bouniensis 
(‘lower’) 
gc18 0.37 
BBP6D +0.70–+0.75 upper murchisoni 
 
gc16 0.39 
BBP1E3 +0.60–+0.65 upper murchisoni 
bouniensis 
(‘lower’) 
gc14 0.78 
BBP10A +0.55–+0.60 upper murchisoni 
lowermost 
bouniensis 
N/A N/A 
BBP6C +0.50–+0.55 upper murchisoni 
uppermost 
margaritana 
gc12 0.33 
BBP1D2 / 
BBP1D3 
+0.40–+0.45 upper murchisoni 
upper 
margaritana 
gc10 0.43 
BBP6B +0.30–+0.35 upper murchisoni 
upper 
margaritana 
gc8 0.17 
BBP1C2 (2) +0.20–+0.25 upper murchisoni 
upper 
margaritana 
gc6 0.14 
Lab. code Height (m) 
Graptolite biozone 
(identified by DKL; 
Loydell et al. 2014) 
Chitinozoan 
biozone 
(identified 
herein) 
Geochemical  
sample no. 
(Loydell et al. 
2014) / 
samples with 
acritarch data 
δ13Ccarb   
(‰, V- 
PDB) 
(Loydell et 
al. 2014) 
BBP6A +0.10–+0.15 upper murchisoni 
upper 
margaritana 
gc4 –0.07 
BBP1B2 (2) 0–+0.05 middle murchisoni 
margaritana 
(undif.) 
gc2 –0.24 
BBP1A2 
(2) 
–0.05–0 middle murchisoni 
margaritana 
(undif.) 
N/A N/A 
 
 
APPENDIX 6 
 
Margalef Diversity Index (Margalef 1958) data for chitinozoan genera and species from 
the 53 μm fraction, picked and investigated by scanning electron microscope. 
Margalef Diversity Index: d = (S – 1) / ln N. ‘S’ is the number of species, and ‘N’ is the 
total number of individuals in the sample. The Margalef Diversity Index takes into account 
the simplest measure of biodiversity (= species richness) and attempts to correct for sample 
size. Unequivocally assigned genera are used as a proxy for species where species data is 
lacking for genera. 
Height (m, lowest) 
Total chitinozoans 
(N) 
Number of species 
(S) 
Margalef Diversity 
Index 
12.00 20 3 0.67 
11.00 53 2 0.25 
10.00 28 4 0.90 
9.00 105 7 1.29 
8.00 18 2 0.35 
7.00 248 14 2.36 
6.00 211 13 2.24 
5.00 249 18 3.08 
4.00 282 15 2.48 
3.00 181 8 1.35 
2.00 158 11 1.98 
1.80 204 5 0.75 
1.60 204 10 1.69 
1.50 153 11 1.99 
1.45 147 9 1.60 
1.40 110 7 1.28 
1.20 110 6 1.06 
1.00 150 9 1.60 
0.95 176 9 1.55 
0.80 134 10 1.84 
0.60 150 8 1.40 
0.55 148 11 2.00 
0.50 149 8 1.40 
0.40 163 9 1.57 
0.20 75 6 1.16 
0 141 12 2.22 
-0.05 275 11 1.78 
 
APPENDIX 7 
 
Palynomorphs count data for picking/SEM analysis (53 μm fraction only).  
Key: ‘orn.’ = form(s) with an ornamented vesicle surface, ‘unorn.’ = form(s) with an 
unornamented vesicle surface.   
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APPENDIX 8 
 
Absolute abundance data for picked (for SEM investigation) chitinozoans (53 μm) 
(chitinozoans per gramme).  
Key: ‘orn.’ = form(s) with an ornamented vesicle surface, ‘unorn.’ = form(s) with an 
unornamented vesicle surface. 
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APPENDIX 9 
 
Relative abundance data (%) for picked (for SEM investigation) chitinozoans (53 μm).  
Key: ‘orn.’ = form(s) with an ornamented vesicle surface, ‘unorn.’ = form(s) with an 
unornamented vesicle surface. 
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APPENDIX 10 
 
Alphabetical list of authorship of acritarch, prasinophyte, and chitinozoan taxa mentioned 
within the text.  
References where the authorship was not clearly stated within the text by the original 
authors are excluded from this list. Plate/figure references regard illustration of chitinozoan 
material herein. 
Published stratigraphical range data for acritarch and prasinophyte taxa assigned to 
specimens at Buttington Prick Pit are provided for selected taxa (stratigraphical ranges 
from Mullins 2001), exceptions are commented upon within the main text.  
 
CHITINOZOANS 
Ancyrochitina sp. Eisenack, 1931 [pl. 10, fig. 15; pl. 13, fig. 6]  
Ancyrochitina ancyrea (Eisenack, 1931) Laufeld, 1974 [pl. 11, fig. 5; pl. 13, fig. 17] 
Ancyrochitina aff. ancyrea (Eisenack, 1931) Nestor, 1994 [pl. 11, figs 1–2] 
Ancyrochitina ansarviensis Laufeld, 1974 
Ancyrochitina? sp. 1 [pl. 12, fig. 1] 
Ancyrochitina sp. 2 [pl. 12, figs 2, questionably assigned specimen in pl. 12, fig. 4]  
Ancyrochitina sp. 3 [pl. 12, fig. 3]  
Ancyrochitina sp. 4 [pl. 12, fig. 6]  
Ancyrochitina? sp. 5 [pl. 12, figs 7, 11]  
Ancyrochitina sp. 6 [pl. 12, figs 5, 8, 10; questionable specimen pl. 10, fig. 13]  
Ancyrochitina? sp. 7 [pl. 12, fig. 9] 
Ancyrochitina convexa Nestor, 1980 [pl. 11, fig. 4; species questionably assigned pl. 11, 
fig. 3]  
Ancyrochitina desmea Eisenack, 1964 [pl. 11, figs 8–9] 
Ancyrochitina gutnica Laufeld, 1974 [pl. 11, fig. 11] 
Ancyrochitina plurispinosa Nestor, 1994 
Ancyrochitina porrectaspina Nestor, 1994 
Ancyrochitina primitiva (Eisenack, 1964) Laufeld, 1974 [pl. 11, fig. 12] 
Angochitina sp. Eisenack, 1931 
Angochitina longicollis Eisenack, 1959 [pl. 10, figs 1–10; pl. 13, figs 1, 5, 9] 
Angochitina cf. echinata (Eisenack, 1931) Laufeld, 1974 
Belonechitina sp. 2 sensu Mullins and Loydell, 2001 
Belonechitina? sp. 1 [pl. 10, figs 11–12] 
Bursachitina sp. Taugourdeau, 1966 restrict. Paris, 1981 
Bursachitina conica (Taugourdeau and de Jekhowsky, 1964) Mullins and Loydell, 2001 
[pl. 1, figs 9–10] 
Bursachitina nestorae Mullins and Loydell, 2001 
Bursachitina sp. A sensu Mullins and Aldridge, 2004 
Bursachitina sp. B sensu Mullins and Aldridge, 2004 
Bursachitina sp. B sensu Loydell et al., 2010 
Bursachitina sp. 1 sensu Mullins and Loydell, 2001 
Bursachitina? sp. 1 [pl. 1, fig. 11] 
Bursachitina sp. 2 [pl. 2, fig. 1–3; questionable specimen pl. 2, fig. 4] 
Bursachitina sp. 3 [pl. 2, figs 5–6] 
Bursachitina sp. 4 [pl. 2, figs 7, 9] 
Bursachitina sp. 5 [pl. 2, figs 8] 
Bursachitina sp. 6 [pl. 2, figs 10; questionable specimen pl. 2, figs 11] 
Calpichitina sp. Wilson and Hedlund, 1964 
Calpichitina acollaris (Eisenack, 1959) Laufeld, 1974 [pl. 1, figs 1–2; pl. 13, fig. 20] 
Calpichitina densa (Eisenack, 1962) Laufeld, 1974 [pl. 1, figs 3, 5–8; pl. 13, fig. 2] 
Calpichitina opaca (Laufeld, 1974) 
Calpichitina sp. 1 [pl. 1, fig. 4] 
Cingulochitina sp. Paris, 1981  
Cingulochitina augusta Verniers, 1999 
Cingulochitina bouniensis Verniers, 1999 [pl. 4, figs 1–12; pl. 13, figs 7, 14] 
Cingulochitina burdinalensis Verniers, 1999 [pl. 4, figs 13–14; questionable specimen pl. 
5, fig. 1] 
Cingulochitina cingulata (Eisenack, 1937) Laufeld, 1974 
Cingulochitina? sp. [pl. 13, fig. 3–4] 
Cingulochitina pitetensis Verniers, 1999 
Clathrochitina clathrata Eisenack, 1959 
Conochitina sp. (Eisenack, 1931) Paris et al., 1999 
Conochitina acuminata Eisenack, 1959 [pl. 9, fig. 7] 
Conochitina claviformis Eisenack, 1931 
Conochitina emmastensis Nestor, 1982 
Conochitina flamma Laufeld, 1974 [pl. 13, fig. 23] 
Conochitina filifera – see Salopochitina filifera 
Conochitina mamilla Laufeld, 1974 
‘Conochitina?’ monterrosae – see Salopochitina monterrosae 
Conochitina pachycephala Eisenack, 1964 
Conochitina praeproboscifera Nestor, 1994 [pl. 9, figs 8–9] 
Conochitina proboscifera Eisenack, 1937 [pl. 9, figs 1–6, 10] 
Conochitina proboscifera Forma gracilis Laufeld, 1974 
Conochitina proboscifera Forma truncata Laufeld, 1974 
Conochitina tuba Eisenack, 1932 
Conochitina aff. tuba (Eisenack, 1932) Mullins and Aldridge, 2004 [pl. 10, figs 16–17] 
Conochitina visbyensis Laufeld, 1974 
Eisenackitina sp. Jansonius, 1964 restrict. Paris, 1981 
Eisenackitina anulifera Verniers, 1999 
Eisenackitina aff. anulifera Mullins and Loydell, 2001 [pl. 6, fig. 9] 
Eisenackitina ithonensis Verniers, 1999 [pl. 6, figs 6, 8; pl. 13, fig. 8] 
Eisenackitina inanulifera Nestor, 2005 [species questionably assigned in pl. 6, fig. 4] 
Eisenackitina causiata Verniers, 1999 [pl. 5, figs 12–13; pl. 6, figs 1–3, 5; pl. 13, figs 12, 
16] 
Eisenackitina dolioliformis Umnova, 1976 
Eisenackitina varireticulata Swire, 1990 [pl. 6, figs 7, 10–12] 
Eisenackitina sp. 1 sensu Mullins and Loydell, 2001 [pl. 1, fig. 13] 
Fungochitina sp. Taugourdeau, 1966 [questionably assigned specimen in pl. 13, fig. 21]  
Lagenochitina sp. (Eisenack, 1931) Paris et al., 1999 
Lagenochitina sp. 1 [pl. 8, figs 14–15]  
Linochitina sp.  Eisenack, 1968 [questionably assigned specimen, pl. 13, fig. 18] 
Linochitina odiosa Laufeld, 1974 [pl. 5, figs 7–8] 
Linochitina cf. odiosa Laufeld, 1974 [pl. 5, figs 9–10] 
Margachitina banwyensis Mullins, 2000 [pl. 5, fig. 11] 
Margachitina margaritana (Eisenack, 1937) Laufeld, 1974 [pl. 5, figs 2–6; pl. 13, fig. 11] 
Plectochitina magna (Nestor, 1982) Nestor, 2005 [pl. 10, fig. 14] 
Plectochitina pachyderma (Laufeld, 1974) [pl. 10, fig. 14; species questionably assigned 
pl. 11, fig. 6 & pl. 13, fig. 10]  
Plectochitina cf. pachyderma (Laufeld, 1974) [pl. 11, figs 7, 10]  
Pterochitina sp. Eisenack, 1955 
Pterochitina hughleyensis Mullins and Aldridge, 2004 [pl. 3, figs 1–9, 11–12; pl 13, fig. 
19] 
Pterochitina macroptera Eisenack, 1959 [species questionably assigned in pl. 3, fig. 10] 
Ramochitina sp. (Sommer and van Boekel, 1964) Paris, 1981 [pl. 1, fig. 12] 
Salopochitina filifera (Eisenack, 1931) Paris et al., 1999  
Salopochitina bella Swire, 1990 [pl. 7, figs 1–10 & 13–15; pl. 8, fig. 12; pl. 13, figs 15, 22; 
questionably assigned pl. 13, fig 13] 
Salopochitina cf. bella, Swire, 1990 [pl. 7, figs 11–12]  
Salopochitina monterrosae (Cramer, 1969) Paris et al, 1999 
Salopochitina aff. monterrosae Grahn and de Melo, 2003 
Salopochitina? sp. 1 [pl. 8, figs 1–2, 5–6, 8, 10–11; questionably assigned pl. 8, figs 3– 4, 
7, 9, 13] 
Saharochitina sp. Paris and Grahn, 1999 
 
PRASINOPHYTES 
Cymatiosphaera Wetzel, 1933 ex Deflandre, 1954 
Cymatiosphaera lawsonii Mullins, 2001 
Dictyotidium (Eisenack, 1955) Staplin, 1961 
Dictyotidium biscutulatum Kiryanov, 1978 (Llandovery–Přídolí series). 
Leiosphaeridia Eisenack, 1958a emend. Downie and Sarjeant, 1963 emend. Turner, 1984 
Polyedrixium (Deunff, 1954) Deunff, 1971. 
Pterospermella Eisenack, 1972 
Tasminites Newton, 1875 
 
ACRITARCHS 
Ammodinium Lister, 1970 
Ammodinium microcladum (Downie, 1963) Lister, 1970 (Llandovery–Wenlock, Welsh 
Basin and Borderlands) 
Ammodinium ludloviense (Lister, 1970) Dorning, 1981c. (Homerian, Wenlock–Gorstian, 
Ludlow). 
Ammodinium waldronenses (Tappan and Loeblich Jr, 1971) Dorning, 1981c (Llandovery –
Ludlow) 
Baltisphaeridium (Eisenack, 1958b) Mullins, 2001 
Baltisphaeridium muldiense (Le Hérissé, 1989) Mullins, 2001 (Homerian, Wenlock–
Gorstian, Ludlow) 
Barbestiastra Sarjeant and Stancliff, 1994 
Barbestiastra barbata Sarjeant and Stancliffe, 1994 (Silurian, range from Sarjeant and 
Stancliffe 1994). 
Dateriocradus Tappan and Loeblich Jr, 1971 
Dilatispheara Lister, 1970 
Diexallophasis Loeblich Jr, 1970  
Diexallophasis remota group (Deuff, 1955) Playford, 1977 group (Silurian–Devonian) 
Dorsennidium (Wicander, 1974) Sarjeant and Stancliffe, 1994 
Estiastra (Eisenack, 1959) Sarjeant and Stancliffe, 1994 
Florisphaeridium Lister, 1970 
Gorgonosheraidium (Staplin et al., 1965) Mullins, 2001 
Gorgonosheraidium citrinium (Downie, 1963) Mullins, 2001. (Sheinwoodian–lower 
Gorstian stage, Silurian, ?Upper Devonian) 
Helosphaeridium Lister, 1970 
Helosphaeridium malvernensis Dorning, 1981c (Wenlock) 
Helosphaeridium pseudodictyum Lister, 1970 (upper Llandovery–Ludlow) 
Helosphaeridium aff. pseudodictyum Lister, 1970 (Gorstian, Ludlow) 
Helosphaeridium sp. A. sensu Mullins, 2001 (Wenlock–Ludlow) 
Lophosphearidium Timofeev, 1959 
Micrhystridium (Deflandre, 1937) Sarjeant and Stancliffe, 1994 
Multiplicisphaeridium (Staplin, 1961) Mullins, 2001 
Micrhystridium stellatum Deflandre, 1945 (Ordovician–Jurrassic) 
Opillata Loeblich Jr and Wicander, 1976 
Opillata ramusculosa (Deflandre 1942, ex Deflandre 1945) Dorning, 1981c (upper 
Llandovery–lower Ludlow) 
Pulvinosphaeridium Eisenack, 1954 
Salopodinium Dorning, 1981c  
Salopodinium granuliferum (Downie, 1959) Mullins, 2001 (Llandovery–lower Ludlow) 
Salopidinium truncatum Swire, 1993 (uncertain–?early Sheinwoddian) 
Schmatosphaeridium Staplin et al., 1965 
Schmatosphaeridium rugulosum (Dorning, 1981c) Mullins, 2001 (Llandovery–lower 
Ludlow) 
Tylotopalla Loeblich Jr, 1970 
Tylotopalla robustispinosa (Downie, 1959) Eisenack et al., 1973 (Llandovery–lower 
Ludlow) 
Tylotopalla wenlockia Dorning, 1981c (Wenlock–lower Ludlow) 
Veryhachium (Deunff, 1954) Sarjeant and Stancliffe, 1994 
Visbysphaera Lister, 1970 emend. Kiryanova, 1978 emend. Le Hérissé, 1989  
Visbysphaera microspina (Eisenack, 1954) Lister, 1970 group (Llandovery– Přídolí) 
Visbysphaera sp. A sensu Mullins, 2001 (Wenlock–Ludlow) 
 
APPENDIX 11 
 
Count data for marine and terrestrial palynomorph groups from combined 10 μm and 53 
μm fractions (glass microscope slides).  
‘Questionable’ refers to specimens uncertainly assigned to the palynomorph group. 
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8.60 15 9 56 55 87 49 0 1 91 36 13 14 1 7 3 0 6 1 0 0 
8.50 7 5 48 46 143 46 0 0 46 32 28 0 1 1 0 0 0 0 0 0 
8.40 15 9 25 24 117 61 0 1 76 68 28 3 2 3 1 0 0 0 0 0 
8.30 28 19 26 25 161 79 1 1 70 43 5 5 0 7 2 0 2 0 0 0 
8.18 16 9 38 38 91 57 0 3 128 66 3 2 2 2 0 0 1 0 0 0 
8.05 20 10 45 43 89 44 0 0 67 66 3 0 2 1 2 1 4 1 0 0 
7.55 31 24 29 26 135 69 1 4 132 22 5 0 13 3 0 0 3 2 0 0 
7.35 30 16 33 31 126 55 0 0 128 27 6 2 1 2 2 0 5 0 0 0 
7.05 29 14 24 21 229 71 0 1 59 9 3 5 3 2 0 0 0 3 0 0 
6.85 28 16 32 29 165 58 1 3 106 33 6 13 0 3 0 0 1 0 0 0 
6.25 24 17 46 46 195 57 1 2 72 22 4 2 2 1 1 1 1 2 0 0 
6.05 16 11 35 34 121 61 2 2 58 45 1 0 2 0 0 0 2 0 0 0 
5.85 20 17 40 39 106 35 0 2 111 45 0 1 1 0 2 0 1 0 0 0 
5.75 27 13 49 49 122 43 0 2 123 51 0 0 7 4 0 1 4 2 0 0 
5.65 31 20 41 38 121 33 2 3 85 25 0 1 2 6 0 0 1 0 0 0 
5.55 36 30 62 57 114 27 1 3 53 37 2 0 0 3 4 0 2 0 0 0 
5.45 22 13 64 61 127 48 14 8 71 32 3 0 0 2 2 0 1 0 0 0 
5.35 14 11 39 39 99 21 4 1 132 41 2 0 2 5 0 0 1 0 0 0 
5.15 45 43 72 71 125 34 4 2 61 13 2 0 0 6 2 0 2 5 0 0 
4.95 18 11 30 29 178 56 0 1 42 26 0 0 2 0 1 0 1 1 0 0 
4.80 16 10 28 28 202 39 1 1 59 25 0 2 2 5 0 1 1 0 0 0 
4.70 24 23 35 32 158 44 0 1 44 26 6 1 1 20 4 1 2 3 0 0 
4.30 11 10 39 39 169 38 2 1 52 12 5 0 5 3 0 0 5 0 0 0 
4.00 4 3 23 23 202 31 4 0 118 8 3 0 1 4 0 0 2 0 0 0 
3.50 37 9 70 62 227 41 0 3 127 14 0 2 0 0 0 1 0 2 0 0 
3.40 24 23 28 28 158 54 8 8 94 27 5 0 0 1 1 0 2 2 0 0 
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3.00 11 10 22 20 223 54 12 0 65 23 2 0 3 0 2 0 12 0 0 0 
2.80 6 2 37 34 178 39 7 1 68 33 2 0 0 0 3 1 5 0 0 0 
2.20 13 12 40 39 158 56 3 0 38 28 6 0 1 7 0 0 9 1 0 0 
2.00 9 5 48 47 181 60 13 1 15 11 1 1 0 6 2 0 7 2 0 3 
1.60 4 2 31 30 166 30 4 0 85 35 1 0 2 3 1 2 1 0 0 0 
1.40 4 3 42 42 188 41 7 2 65 35 3 0 2 8 2 0 7 2 0 0 
1.30 2 2 46 46 182 53 4 0 80 62 1 2 3 3 1 0 6 0 0 0 
1.20 5 4 45 45 185 35 5 3 39 29 2 0 3 8 0 2 3 0 0 0 
1.00 12 11 65 65 153 37 16 2 110 30 0 0 2 4 4 0 0 0 0 0 
0.90 9 7 41 40 155 35 0 0 144 53 0 0 1 6 1 1 1 0 0 0 
0.80 39 35 54 53 134 62 8 2 53 19 0 0 1 0 2 0 0 0 0 0 
0.70 18 9 70 64 147 40 3 0 63 27 1 0 1 0 1 1 0 0 0 0 
0.60 19 18 76 75 135 59 3 0 109 32 1 0 1 4 2 1 2 0 0 0 
0.50 19 16 92 92 103 60 2 0 30 39 1 0 4 14 0 0 1 0 0 0 
0.40 6 2 67 66 110 31 2 1 82 34 2 0 8 7 0 0 2 1 0 0 
0.30 4 3 70 70 224 79 1 0 139 66 0 0 3 9 0 0 0 0 0 0 
0.20 16 15 166 165 322 103 2 0 126 79 0 0 22 13 0 0 4 0 0 0 
0.10 46 40 72 72 297 53 5 0 94 51 0 0 14 28 0 0 4 3 0 0 
0 87 82 50 48 338 48 0 3 123 12 0 3 24 18 0 0 5 2 0 0 
 
APPENDIX 12 
 
Absolute abundance data for terrestrial and marine palynomorph groups and non-
polygonomorph, process-bearing acritarchs.  
Data are included from specimens questionably assigned to the morphotype group. 
Absolute abundance is given as the number of specimens per gramme. Absolute abundance 
was determined including data from specimens questionably assigned to the morphotype in 
order to find the maximum absolute abundance recognised from the section. Data from 
combined 10 μm and 53 μm fractions (glass microscope slides). ‘Questionable specimens’ 
refers to specimens uncertainly assigned to the morphotype group. 
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8.60 2.73 9.92 12.65 0.17 0 12.82 6.31 1.20 27.19 21.09 0.84 1.37 
8.50 5.02 34.42 39.44 0 0 39.44 0 0 135.52 32.98 0 1.43 
8.40 4.61 7.74 12.35 0.33 0 12.68 0 0 51.86 20.91 0.33 1.65 
8.30 7.47 6.79 14.27 0.57 0 14.83 0.57 0.57 61.60 15.74 0.34 1.98 
8.18 12.48 29.67 42.16 2.35 0 44.51 0.78 0.78 115.55 95.22 0 3.14 
8.05 1.42 3.27 4.69 0 0 4.69 0.36 0.36 9.84 5.05 0.21 0.21 
7.55 8.86 8.28 17.14 1.15 0 18.29 1.45 1.45 18.25 23.48 0 4.65 
7.35 4.10 4.44 8.54 0 0 8.54 0.69 0.69 24.51 14.97 0.24 0.42 
7.05 20.97 16.59 37.56 0.66 0 38.22 1.98 1.98 233.00 47.30 0 3.31 
6.85 5.93 6.78 12.71 0.85 0 13.56 0.21 0.21 47.23 22.45 0 0.64 
6.25 7.28 14.25 21.53 1.00 0 22.53 1.00 1.00 77.13 17.85 0.67 1.00 
6.05 2.00 4.37 6.37 0.50 0 6.87 0.25 0.25 23.41 7.74 0 0.25 
5.85 3.38 7.15 10.53 0.34 0 10.86 0.17 0.17 28.51 34.77 0.34 0.17 
5.75 18.58 34.05 52.63 1.41 0 54.03 4.22 4.22 109.24 70.61 0.70 7.73 
5.65 28.11 27.62 55.73 3.37 0 59.10 0.67 0.67 116.38 104.23 0 5.39 
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5.55 12.83 22.51 35.33 1.56 0 36.90 0.71 0.71 51.32 20.40 1.84 1.07 
5.45 16.28 46.24 62.52 16.50 0 79.03 0.75 0.75 121.09 47.50 1.28 1.50 
5.35 11.31 37.53 48.84 10.06 0 58.90 0.81 0.81 121.04 230.10 0 14.69 
5.15 86.87 136.10 222.97 10.14 0 233.11 13.51 13.51 288.13 61.29 3.86 11.58 
4.95 25.16 42.88 68.04 0.86 0 68.90 2.86 2.86 323.61 53.17 1.43 2.86 
4.80 31.51 57.39 88.90 4.10 0 93.00 2.05 2.05 479.86 69.69 0.77 14.35 
4.70 22.34 32.58 54.91 0.93 0 55.85 4.65 4.65 185.96 37.23 4.28 19.55 
4.30 23.92 84.47 108.39 6.36 0 114.74 10.60 10.60 447.78 123.47 0 16.96 
4.00 31.75 159.05 190.80 31.75 0 222.55 15.88 15.88 
1761.4
0 
571.85 0 39.69 
3.50 106.24 188.55 294.80 6.85 0 301.64 3.78 3.78 647.36 129.29 3.06 0 
3.40 64.27 79.06 143.32 45.18 0 188.50 11.29 11.29 575.84 146.42 2.82 2.82 
3.00 10.60 30.40 40.99 15.39 0 56.38 18.02 18.02 307.83 116.65 1.69 2.53 
2.80 2.98 18.31 21.29 3.83 0 25.12 3.44 3.44 104.22 41.17 1.69 0 
2.20 11.38 34.41 45.80 2.57 0 48.37 8.57 8.57 185.72 35.51 0 6.86 
2.00 38.79 234.78 273.57 64.99 12.93 351.49 38.79 38.79 
1196.7
9 
106.48 8.62 25.86 
1.60 1.67 13.18 14.85 1.75 0 16.61 0.83 0.42 83.36 37.33 1.34 2.09 
1.40 2.24 24.41 26.65 5.08 0 31.73 6.99 5.21 126.79 36.71 1.19 5.81 
1.30 0.53 12.49 13.02 1.07 0 14.08 2.40 1.60 70.40 22.78 0.34 1.60 
1.20 6.96 55.68 62.64 9.55 0 72.19 5.97 3.58 294.33 60.46 2.39 13.12 
1.00 31.13 166.20 197.33 46.53 0 243.86 0 0 484.85 268.84 10.16 15.72 
0.90 2.19 10.44 12.63 0 0 12.63 0.36 0.36 53.91 42.97 0.49 1.82 
0.80 49.32 68.36 117.68 12.69 0 130.37 0 0 242.02 61.97 2.36 1.09 
0.70 10.23 92.87 103.10 1.70 0 104.80 0.57 0 212.44 122.69 1.14 0.57 
0.60 13.43 52.22 65.66 2.06 0 67.72 2.06 1.37 148.54 94.99 2.44 3.44 
0.50 29.25 96.94 126.19 1.56 0 127.75 1.56 0.78 202.82 63.11 0 14.02 
0.40 9.16 55.00 64.16 2.25 0 66.41 4.92 3.42 124.56 81.38 0 12.44 
0.30 7.38 102.27 109.65 1.84 0 111.49 0 0 392.74 172.81 0 21.10 
0.20 46.57 268.13 314.70 6.98 0 321.68 13.95 13.95 694.43 113.22 0 72.83 
0.10 50.48 99.80 150.28 6.46 0 156.74 8.89 8.89 403.56 101.08 0 55.64 
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Relative abundance data (%) for the terrestrial and marine palynomorph groups.  
Data from specimens questionably assigned to groups are excluded. Data from combined 
10 μm and 53 μm fractions (glass microscope slides). 
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Relative abundance data (%) for the terrestrial and marine palynomorph groups.  
Data from specimens questionably assigned to the group are included. Data from combined 
10 μm and 53 μm fractions (glass microscope slides). ‘Questionable’ refers to specimens 
uncertainly assigned to the group. 
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Count data for process-bearing acritarch groups (‘Acritarch' subgroup, Acanthomorphs, 
and Polygonomorphs) and Sphaeromorphs. 
Data from specimens questionably assigned to the group are not included. Data from 
combined 10 μm and 53 μm fractions (glass microscope slides). 
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Relative abundance data (%) for the process-bearing acritarch groups (‘Acritarch’ 
subgroup, Acanthomorphs, and Polygonomorphs) and Sphaeromorphs.  
Data from specimens questionably assigned to the morphotype are excluded. Data from 
combined 10 μm and 53 μm fractions (glass microscope slides). ‘Questionable’ refers to 
specimens uncertainly assigned to the morphotype group. 
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Relative abundance data (%) for the process-bearing acritarch groups (‘Acritarch' 
subgroup, Acanthomorphs, and Polygonomorphs) and Sphaeromorphs.  
Data from specimens questionably assigned to the morphotype are included. Data from 
combined 10 μm and 53 μm fractions (glass microscope slides). ‘Questionable’ refers to 
specimens uncertainly assigned to the morphotype group. 
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APPENDIX 18 
 
Count data for the non-polygonomorph, process-bearing acritarchs. Data from broken 
specimens are excluded from count data. 
Data from combined 10 μm and 53 μm fractions (glass microscope slides). Key: ‘PL <r’ = 
process length less than vesicle radius length, ‘PL > r <D’ = process length greater than 
vesicle radius length but less than vesicle diameter length, ‘PL >D’ = process length 
greater than vesicle diameter length. 
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APPENDIX 19 
 
Count data for the non-polygonomorph, process-bearing acritarchs. Data from broken 
specimens are included in count data (*) where process length is longer than the vesicle 
radius but shorter than the vesicle diameter.  
Data from combined 10 μm and 53 μm fractions (glass microscope slides). Key: ‘PL <r’ = 
process length less than vesicle radius length, ‘PL > r <D’ = process length greater than 
vesicle radius length but less than vesicle diameter length, ‘PL >D’ = process length 
greater than vesicle diameter length. 
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APPENDIX 20 
 
Absolute abundance data for the non-polygonomorph, process-bearing acritarchs with 
regard to process complexity. Morphotype data for specimens with incomplete processess 
are excluded except for specimens with ‘complex processes’.  
Data from combined 10 μm and 53 μm fractions (glass microscope slides). Key: ‘PL <r’ = 
process length less than vesicle radius length, ‘PL > r <D’ = process length greater than 
vesicle radius length but less than vesicle diameter length, ‘PL >D’ = process length 
greater than vesicle diameter length. 
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APPENDIX 21 
 
Relative abundance data (%) for the non-polygonomorph, process-bearing acritarchs with 
regard to process complexity.  
Data from combined 10 μm and 53 μm fractions (glass microscope slides). Key: ‘PL <r’ = 
process length less than vesicle radius length, ‘PL >r’ = process length greater than vesicle 
radius length, ‘PL >D’ = process length greater than vesicle diameter length. 
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1.30 98.78 0 1.22 0 100 0 98.78 0 1.22 0 100 0 97.62 1.19 1.19 0 98.81 1.19 
1.20 97.83 1.09 0 1.09 97.83 2.17 98.91 0 1.09 0 100 0 97.83 1.09 0 1.09 97.83 2.17 
1.00 100 0 0 0 100 0 100 0 0 0 100 0 99.14 0.86 0 0 99.14 0.86 
0.90 98.68 0 0 1.32 98.68 1.32 98.68 0 1.32 0 100 0 98.68 0 0 1.32 98.68 1.32 
0.80 92.14 0.71 3.57 3.57 95.71 4.29 92.86 0 7.14 0 100 0 87.34 5.70 3.16 3.80 90.51 9.49 
0.70 98.28 0 0.86 0.86 99.14 0.86 98.28 0 1.72 0 100 0 97.46 0.85 0.85 0.85 98.31 1.69 
0.60 100 0 0 0 100 0 100 0 0 0 100 0 98.82 1.18 0 0 98.82 1.18 
0.50 99.48 0 0.52 0 100 0 99.48 0 0.52 0 100 0 99.48 0 0.52 0 100 0 
0.40 100 0 0 0 100 0 100 0 0 0 100 0 100 0 0 0 100 0 
0.30 100 0 0 0 100 0 100 0 0 0 100 0 98.94 1.06 0 0 98.94 1.06 
0.20 98.55 0 0.72 0.72 99.28 0.72 98.55 0 1.45 0 100 0 98.55 0 0.72 0.72 99.28 0.72 
0.10 99.04 0 0 0.96 99.04 0.96 99.04 0 0.96 0 100 0 97.22 1.85 0 0.93 97.22 2.78 
0 96.25 2.50 0.63 0.63 96.88 3.13 98.75 0 1.25 0 100 0 95.68 3.09 0.62 0.62 96.30 3.70 
 
APPENDIX 22 
 
Count data for prasinophyte and acritarch genera/species (where genera/species are 
assigned). Data from combined 10 μm and 53 μm fractions (glass microscope slides). Key: 
Height = m, lowest, ‘pras.’ = prasinophyte. 
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Absolute abundance data for prasinophytes and acritarch genera/species. Data from 
combined 10 μm and 53 μm fractions (glass microscope slides). 
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5.75 
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18.04 
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2.66 
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12.86 
7.31 
3.00 
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0 
0 
0 
0 
0 
0 
2.42 
3.31 
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2.69 
4.02 
1.52 
0.12 
0.33 
0 
0 
0 
0 
0.43 
0 
0.62 
0.33 
0 
0 
Visbysphaera? sp. 
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Relative abundance data (%) for acritarch genera. Specimens questionably assigned to 
acritarch genera or species are not included in the dataset.  
Data from combined 10 μm and 53 μm fractions (glass microscope slides). Key: 
‘questionable specimens’ refers to  specimens questionably assigned to and acritarch 
genera or species, 
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5.15 6.67 2.22 2.22 17.78 0 0 6.67 4.44 4.44 6.67 0 0 0 33.33 0 0 4.44 11.11 
4.95 0 0 0 0 0 0 0 0 0 0 0 0 0 66.67 0 0 0 33.33 
4.80 0 0 0 11.11 0 0 0 0 0 0 0 0 0 66.67 0 0 0 22.22 
4.70 0 0 0 13.33 0 0 0 0 0 0 0 0 0 60 0 0 0 26.67 
4.30 0 0 14.29 28.57 0 0 0 14.29 0 0 0 0 0 14.29 0 0 0 28.57 
4.00 0 0 42.86 0 0 0 0 14.29 0 0 0 0 0 14.29 0 0 14.29 14.29 
3.50 3.13 0 0 0 0 0 12.50 0 0 0 0 0 0 9.38 0 0 0 75.00 
3.40 0 6.67 0 13.33 0 0 0 0 0 6.67 0 0 0 60 0 0 0 13.33 
3.00 0 0 50 8.33 0 0 0 0 0 25.00 0 0 0 8.33 8.33 0 0 0 
2.80 0 0 50 7.14 0 0 0 0 0 7.14 0 0 0 7.14 0 0 0 28.57 
2.20 0 0 22.22 11.11 0 0 11.11 11.11 0 11.11 0 11.11 0 11.11 0 0 0 11.11 
2.00 0 0 28.57 0 0 0 7.14 7.14 0 7.14 0 0 0 50 0 0 0 0 
1.60 0 0 66.67 0 0 0 33.33 0 0 0 0 0 0 0 0 0 0 0 
1.40 0 5.56 16.67 0 0 0 0 5.56 0 0 0 0 0 66.67 0 0 0 5.56 
1.30 10 0 10 0 0 0 0 10 0 0 0 0 0 10 0 0 0 60 
1.20 0 0 28.57 7.14 0 0 14.29 7.14 0 14.29 0 0 0 28.57 0 0 0 0 
1.00 0 0 50 0 0 0 7.14 7.14 0 7.14 0 0 7.14 14.29 0 0 0 7.14 
0.90 0 0 0 25.00 0 0 0 25.00 0 0 0 25.00 0 0 0 0 0 25.00 
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0.80 2.78 0 5.56 8.33 2.78 2.78 13.89 8.33 0 2.78 8.33 11.11 0 27.78 0 5.56 0 0 
0.70 0 0 0 0 0 0 0 0 0 0 0 0 0 77.78 0 0 0 22.22 
0.60 0 0 25.00 0 0 0 0 0 0 0 0 0 0 62.50 12.50 0 0 0 
0.50 0 0 0 0 0 0 0 0 0 0 0 6.25 0 18.75 0 0 6.25 68.75 
0.40 0 8.33 16.67 0 0 0 0 58.33 0 8.33 0 0 0 0 0 0 0 8.33 
0.30 0 0 0 0 0 0 0 50 0 0 0 0 0 50 0 0 0 0 
0.20 0 0 3.13 3.13 0 0 0 6.25 0 0 0 3.13 0 40.63 0 0 0 43.75 
0.10 0 0 7.69 3.57 0 0 0 3.85 0 0 0 0 0 17.86 0 0 0 67.03 
0 1.56 3.13 0 4.69 0 0 0 0 0 14.06 0 0 0 15.13 0 0 0 61.43 
 
 
APPENDIX 25 
 
Margalef Diversity Index (Margalef 1958) data for acritarch genera and species from the 
10 μm and 53 μm fractions investigated by transmitted light microscopy. 
Margalef Diversity Index: d = (S – 1) / ln N. ‘S’ is the number of species, and ‘N’ is the 
total number of individuals in the sample. The Margalef’s Diversity Index takes into 
account the simplest measure of biodiversity (= species richness) and attempts to correct 
for sample size. Unequivocally assigned genera are used as a proxy for species where 
species data is lacking for genera. 
Height (m, 
lowest) 
Total acritarchs 
(N) 
Number of 
species (S) 
Margalef 
Diversity Index 
8.60 64 2 0.24 
8.50 51 2 0.25 
8.40 33 2 0.29 
8.30 45 3 0.53 
8.18 47 1 0.00 
8.05 53 4 0.76 
7.55 51 8 1.78 
7.35 47 7 1.56 
7.05 35 5 1.13 
6.85 46 4 0.78 
6.25 64 11 2.40 
6.05 47 2 0.26 
5.85 56 5 0.99 
5.75 62 5 0.97 
5.65 60 6 1.22 
5.55 88 10 2.01 
5.45 88 5 0.89 
5.35 54 2 0.25 
5.15 118 11 2.10 
4.95 40 2 0.27 
4.80 39 4 0.82 
4.70 55 3 0.50 
4.30 51 5 1.02 
4.00 30 5 1.18 
3.50 71 5 0.94 
3.40 59 5 0.98 
3.00 42 5 1.07 
2.80 43 5 1.06 
2.20 54 8 1.75 
2.00 65 5 0.96 
Height (m, 
lowest) 
Total acritarchs 
(N) 
Number of 
species (S) 
Margalef 
Diversity Index 
1.60 36 2 0.28 
1.40 52 5 1.01 
1.30 52 4 0.76 
1.20 54 6 1.25 
1.00 92 7 1.33 
0.90 47 4 0.78 
0.80 96 14 2.85 
0.70 76 2 0.23 
0.60 96 3 0.44 
0.50 110 4 0.64 
0.40 70 6 1.18 
0.30 74 2 0.23 
0.20 182 6 0.96 
0.10 117 5 0.84 
0 130 6 1.03 
 
APPENDIX 26 
 
To avoid skewing the results when combining the data from the 10 µm fraction and 53 µm 
fraction, absolute abundance was calculated using a normalization factor when the number 
of grammes of residue logged for palynomorphs differs between the fractions. See a 
‘worked example’ below to describe this process: 
In the following worked example the 10 µm fraction of a hypothetical sample contains 10 
specimens of hypothetical ‘Fossil A’ observed in residue produced from 5 g of rock and, 
from the 53 µm fraction of the same sample, 5 specimens of ‘Fossil A’ are observed in 
residue produced from 6.5 g of rock.  
In order to correct the taxon counts for the 53 µm fraction to the 10 µm fraction a 
normalisation factor is use. This factor is produced by dividing the grammes of rock 
logged of the 53 µm fraction by the grams of rock logged from the 10 µm fraction. In this 
example, 6.5g divided by 5g gives a normalisation factor of 1.3. This factor of 1.3, is used 
to divide the absolute abundance counts for ‘Fossil A’ in the 53 µm fraction which reduces 
the number of ‘Fossil A’ to represent the number of specimens of fossil A that you'd get in 
5 g of rock. In this example, ‘Fossil A’ would then be 10 found in 5g on the 10 μm 
fraction, and 3.8  found in 5 g on the 53 μm fraction. These are added together (10+3.8) to 
produce an absolute abundance of 13.8 specimens of ‘Fossil A’ in 5 g of rock, or 2.76 
specimens of ‘Fossil A’ per gramme of rock. 
 
APPENDIX 27 
Graptolite biozones, carbon isotope data, and the description of trends in the carbon isotope data of Loydell et al. (2014) for Buttington Brick Pit. ‘Grey bands’ of Cramer et al. (2010) – see main text for explanation. 
Stratigraphical levels where analysis of the microphytoplankton assemblages has been undertaken (herein) are labelled by height (in meters above the top of the Butterley Mudstone Member) on δ13Ccarb isotope 
curve of Loydell et al. (2014). 
 
APPENDIX 28 
 
Grammes of sediment picked for light microscopy: 
Height (m, 
lowest) 
Grammes (10 
μm fraction) 
Grammes (53 
μm fraction) 
Normalisation 
Factor 
8.60 5.84 3.00 0.51 
8.50 1.39 1.39 1.00 
8.40 3.04 6.07 2.00 
8.30 3.53 5.89 1.67 
8.18 1.27 1.40 1.10 
8.05 14.06 10.52 0.75 
7.55 3.44 7.21 2.10 
7.35 7.21 9.55 1.33 
7.05 1.51 0.98 0.65 
6.85 4.72 4.72 1.00 
6.25 3.00 4.70 1.57 
6.05 8.00 6.25 0.78 
5.85 5.92 1.79 0.30 
5.75 1.42 1.98 1.39 
5.65 1.48 0.40 0.27 
5.55 2.81 2.02 0.72 
5.45 1.33 1.89 1.42 
5.35 1.24 0.26 0.21 
5.15 0.52 2.07 4.00 
4.95 0.70 1.17 1.67 
4.80 0.49 1.30 2.67 
4.70 1.07 1.34 1.25 
4.30 0.47 0.37 0.78 
4.00 0.13 0.49 3.87 
3.50 0.33 1.38 4.23 
3.40 0.35 0.93 2.63 
3.00 1.19 0.46 0.39 
2.80 2.36 1.16 0.49 
2.20 1.17 1.03 0.88 
2.00 0.23 0.11 0.48 
1.60 2.40 1.99 0.83 
1.40 1.68 2.19 1.30 
1.30 3.75 2.91 0.78 
1.20 0.84 0.46 0.55 
1.00 0.38 0.43 1.14 
0.90 4.12 2.76 0.67 
0.80 0.79 0.92 1.16 
0.70 1.76 0.19 0.11 
0.60 1.46 0.94 0.64 
0.50 1.28 0.23 0.18 
0.40 1.33 0.52 0.39 
0.30 0.54 1.23 2.27 
0.20 0.29 2.44 8.51 
0.10 0.62 1.21 1.93 
0 1.58 2.35 1.48 
 
Grammes of sediment picked for chitinozoan/SEM analysis: 
Height (m) Grammes picked 
+12.00–+12.05 5.63 
+11.00–+11.05 3.40 
+10.00–+10.05 4.36 
+9.00–+9.05 16.56 
+8.00–+8.05 16.27 
+7.00–+7.05 5.53 
+6.00–+6.05 7.26 
+5.00–+5.05 6.38 
+4.00–+4.05 2.12 
+3.00–+3.05 5.40 
+2.00–+2.05 4.42 
+1.80–+1.85 10.25 
+1.60–+1.65 11.56 
+1.50–+1.55 4.59 
+1.45–+1.50 2.11 
+1.40–+1.45 8.04 
+1.20–+1.25 2.71 
+1.00–+1.05 1.62 
+0.95–+1.00 3.17 
+0.80–+0.85 4.12 
+0.60–+0.65 2.34 
+0.55–+0.60 1.76 
+0.50–+0.55 1.99 
+0.40–+0.45 3.18 
+0.20–+0.25 1.56 
0–+0.05 3.26 
-0.05–0 3.97 
 
